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Ensiling is one of the most common processes used as a conservation method for 
forages on farms and plays an important role in farm economics. Therefore, with the aim to 
improve the conservation and the nutritive value of silage, the utilization of silage additives such 
as fibrolytic enzymes (FE) and lactic acid bacteria (LAB) inoculants has been a common on-farm 
practice.  FE are enzymes capable of breaking down complex polysaccharides such as cellulose 
and hemicellulose. The latter results in an increased substrate availability for epiphytic and 
inoculated LAB during silage fermentation, thus promoting a higher production of organic acids 
such as lactic acid and volatile fatty acids such as acetic acid, which are key acids to improve the 
conservation of the forage by reducing dry matter losses and improving aerobic stability. The 
degradation of cellulose and hemicellulose results in a partial degradation of fiber measured by 
the neutral detergent fiber (NDF) and acid detergent fiber (ADF) extraction technique. Therefore, 
FE could have the potential to improve ruminal fiber digestibility of treated forages. 
Alternatively, LAB inoculants are used as silage additives with the primary objective to dominate 
over the epiphytic bacteria present in silage, to accelerate the fermentation process, and to 
reinforce aerobic stability of the forage at feed out. Additionally, recent research has shown that 
certain strains of LAB might have the potential to partially degrade NDF and ADF during 
ensiling, therefore improving fiber digestibility.  
 
The first objective of this research project was to evaluate the effects of different 
mixtures of FE (a mixture of cellulase and xylanase (C+X); xylanase (X); ß-glucanase (G); a 
mixture of ß-glucanase and xylanase (G+X); and a negative control) on alfalfa harvested at early 
and late maturity, and stored for 40 or 120 d of ensiling. Alfalfa harvested at early maturity, 
treated with FE and ensiled for 40 d did not show significant improvements during ensiling in 
fiber degradability, fermentation characteristics or fiber digestibility in vitro assessed by the 
Tilley and Terry methodology. However, when harvested at late maturity and treated with a 
mixture of C+X; X and G+X, the NDF and ADF content at 40 d of ensiling tended to decrease. 
FE improved total volatile fatty acid production at 40 and 120 d of ensiling. Improvements in 
fiber digestibility were observed in vitro at 24 h for the C+X treatments. The results of this study 
suggest that the effects of FE are more pronounced in silages higher in fiber concentration, such 
as in the late-maturity alfalfa cut. 
 
The second objective of this research was to evaluate the effects of two 
homofermentative LAB (hoLAB) strains, and two heterofermentative LAB (htLAB) strains on 
alfalfa harvested at late maturity and stored for 40 or 120 d of ensiling. At 40 d of ensiling, 
hoLAB-treated silages had the greatest DM recovery and the lowest ADF concentration. Lactic 
acid production was greater for hoLAB-treated silages. At 120 d of ensiling, hoLAB-treated 
silages had the highest concentration in lactic acid whereas htLAB had the highest concentration 
in acetic acid and hoLAB-treated silages had the lowest ADF and NDF concentrations while 
htLAB tended to have higher NDF concentrations. Overall, it appears that the fiber degradation 
promoted during ensiling influenced digestibility depending upon hoLAB or htLAB inoculation, 
with hoLAB showing improved digestibility levels.  
 
The presented work suggests that certain FE can have the potential as a management 
resource on farms aiming to improve the nutritive value of forages with a high fiber 
concentration. As expected, hoLAB and htLAB inoculants improved the fermentation 
characteristics of alfalfa silage, but it was shown that LAB may exert a differential effect on fiber 
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1. CHAPTER 1: LITERATURE REVIEW 
1.1 Introduction 
Forage production and preservation is key to profitable dairies in many regions 
(Heguy et al., 2016). In most ruminant production systems, livestock derive between 40 
and 90% of their feed requirements from forage (Charmley, 2001). In regions where 
forage growing and harvest seasons are short, preservation of forages as silage or hay is 
important to assure the quality and quantity of feed throughout the year. Silage 
production involves different factors that need to be considered to achieve a good 
quality silage such as the type of forage to ensile (i.e. grass, legume, etc.), sugar 
concentration, buffering capacity, maturity, dry matter at harvest, harvest time, chop 
length, packing density, air exposure and temperature, all of them influencing the 
nutritive value of silage. 
 Ensiling relies on a lactic-acid fermentation under anaerobic conditions. This is 
a complex biochemical process, based mainly on the fermentation of water soluble 
carbohydrates (WSC) by lactic acid bacteria (LAB). The major biochemical processes 
involved in silage fermentation such as the acidic conditions (promoted by the 
fermentation of carbohydrates by silage microorganisms), and the enzymatic hydrolysis 
of structural carbohydrates by plant enzymes and bacteria will have an impact on the 
overall nutritive value of silage and forage fiber to some extent, presumably due to a 
partial hydrolysis of the major cell wall components, such as cellulose and 
hemicellulose. Research focused on the impact of silage fermentation on the fiber 
fraction of forages suggests that some effects on fiber degradation and increases in 
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digestibility are possible,  although due to the complex structure of plant fiber (cell 
walls) and the biochemical complexity of the silage process per se, fiber degradation 
and improvements in digestibility during silage fermentation may vary depending on 
factors such as type of forage, carbohydrate content, lignification, and the interaction of 
enzymes and microorganisms with the ensiled forage.  
Silage additives have been used as a management tool to improve the nutritional 
value of silage. Additives promote a rapid fermentation, reduce storage losses, improve 
bunk life of silage, and increase aerobic stability. In the industry, many different silage 
additives are available and are used for different purposes (Yitbarek and Tamir, 2014). 
Some of the most common silage additives are silage inoculants which can be mixtures 
of homofermentative and/or heterofermentative lactic acid bacteria capable of 
improving the fermentation quality. Commercially available silage inoculants can also 
include fibrolytic enzymes. The primary objective of the addition of enzymes to silage 
inoculants is to increase the WSC supply and promote a better fermentation by LAB 
due to increased substrate availability during the ensiling process under harder to 
ferment conditions. A secondary objective of the addition of enzymes in silage 
inoculants is to initiate a partial degradation of fiber during ensiling, therefore 
increasing ruminal digestibility of forages. Recent research studies have been looking at 
the potential effects of silage inoculants as not only capable of improving the 
fermentation characteristics but also as producers of ferulate esterase, an enzyme which 
can hydrolyze the feruloyl ester linkages between lignin and hemicellulose (Nsereko, 
2008; Comino et al., 2014). 
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There are two major sources of fibrolytic enzymes. They can be either fungal or 
bacterial, and the role of these enzymes is to increase the nutrient availability from the 
cell wall (Mendoza et al., 2014). The two most common enzyme complexes added to 
silages are cellulase and hemicellulase (Kung et al., 2003). The partial fermentation of 
hemicellulose and cellulose by enzymatic activity ultimately increases the availability 
of sugars during the ensiling process. The LAB population will then ferment these 
sugars, increasing the release of volatile fatty acids (VFA). More lactic acid is produced 
as the VFA concentration lowers the environmental pH, resulting in a higher lactic-
acetic acid ratio (3:1 ratio; Kung et al., 2003). A higher lactic-acetic acid ratio promotes 
a faster drop in the pH (Kung et al., 2003). This chain of events results in a reduction of 
dry matter losses, a better fermentation, and therefore an increase in the nutritive value 
of silage.  
The potential results of the addition of fibrolytic enzymes varies with the type 
of forage, many researchers infer that there are enzyme-forage interactions but fail to 
explain the biological mechanism (Mendoza et al., 2014). For example, according to 
Kung (1988) some studies show that improvements in silage fermentation and 
decreases in fiber content appear more pronounced in immature grasses than in mature 
grasses due to a harder hydrolysis of the cell wall due to increased lignification, a well-
accepted biological mechanism influencing the effect of fibrolytic enzymes.  
Fibrolytic enzymes could have an impact not only in forage preservation but 
also in animal performance. Increased fiber digestibility influenced by silage 
fermentation has resulted in increased dry matter intake (DMI), improved microbial 
protein synthesis, and improved overall digestion of organic matter (Kung et al., 2003).  
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The positive results on digestion and animal performance could be even greater if 
fibrolytic enzymes were able to attack linkages that are not normally broken during 
rumen digestion (Kung et al., 2003).   
Comparing the efficacy of enzymes used as silage additives and their potential 
benefits in animal performance has been difficult for different reasons, including  the 
vague identification of enzymes, enzymes being identified only by a code letter, a 
commercial trade name, or simply as the generic term “enzymes” and the resistance of 
commercial additive producers to reveal precise details of their products or those under 
development and the lack of information and non-established optimal amount or 
activities of these enzymes (Kung et al., 2003). In vitro and animal-based studies 
related to fibrolytic enzymes and their application to feeds have not been unanimously 
supportive (Adesogan et al., 2014), leading to the need for more research focused on 
the true benefits of adding specific enzymes or enzyme combinations to improve silage 
quality and animal productivity. 
1.2 Plant Carbohydrates 
Carbohydrates are the main repository of photosynthetic energy in plants (Van 
Soest, 1982) and can be classified as monosaccharides, simple sugars that are the 
building blocks for all complex carbohydrates, oligosaccharides composed of two to ten 
monosaccharide linked chains and polysaccharides, longer saccharide chains that 
consist of more than 10 monosaccharide linked units. A broad physiological 
classification divides plant carbohydrates in two main groups, nonstructural 
carbohydrates, located inside of cells of plants, and, structural carbohydrates, found in 
the plant cell wall. Plant carbohydrate classification is shown in Figure 1.1. 
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Figure 1.1 Classification of plant carbohydrates (Ishler and Varga, 2001) 
 
 
One of the important things to notice in this figure is the fractionation of 
carbohydrates into those that are readily available for fermentation (cell content 
carbohydrates) and those that are potentially available for fermentation (cell wall 
carbohydrates) such as cellulose and hemicellulose which are the main components of 
what is usually called fiber. Mertens (1989) defined fiber as the “indigestible and 
slowly digesting, or incompletely available, fractions of feeds that occupies space in the 
gastrointestinal tract”. With such a general definition, the term fiber should be used 
carefully when referring to the cell wall since this nomenclature is referring to both the 
neutral detergent fiber (NDF) and the acid detergent fiber (ADF) fractions derived from 
laboratory procedures used to estimate the fiber or cell wall components in forages, 
cellulose, hemicellulose and lignin.  
1.2.1 Nonstructural and structural carbohydrates in silage fermentation 
The nonstructural carbohydrates classification comprises fructans, starches and 
sugars. These carbohydrates are all soluble in cold water and are collectively known as 
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WSC. These WSC are the principal substrates for LAB during silage fermentation. 
Lactic acid bacteria among other microorganisms in silage, will produce organic acids 
(volatile fatty acids; VFA) through the fermentation of these WSC.  The production of 
these organic acids, mainly lactic acid and acetic acid, will drop the pH of the ensiled 
forage to the levels where preservation is achieved.  Not all the LAB present in forages 
are able to hydrolyze complex carbohydrates (i.e., starch), therefore silage production 
requires availability of readily fermentable sugars like monosaccharides and small 
oligosaccharides. The availability of monosaccharides and oligosaccharides for LAB 
depends on different environmental conditions, the type of forage and other factors at 
time of harvest (Rooke and Hatfield, 2003). Enzymes released by cell rupture, for 
example during chopping, are then able to encounter the cell wall and break down more 
complex carbohydrates (fructans, starch, cellulose, and hemicellulose), releasing simple 
sugars. Plant cells continue to use WSC for the process of respiration until either all the 
WSC substrate or available oxygen has been used (Rotz and Muck, 1994).  
The availability of these WSC is dependent upon the forage species, some 
forages like alfalfa (Medicago sativa) tend to have lower concentration of WSC when 
compared with other forages such as corn (Zea mays) or other grasses (Table 1.1). The 
reasoning behind the addition of fibrolytic enzymes in silage is to increase the release 
of fermentable carbohydrates, these WSC will be directly available to the microbial 




Table 1.1 Typical concentration ranges of nonstructural carbohydrates found in forages 
Crop Total Glucose Fructose Sucrose Fructan Starch 
                            g kg-1 DM 
Perennial ryegrass 60-250 10-30 10-30 50-70 0-200 0 
Barley 60-300 20-60 20-60 5-20 20-170 3-42 
Corn 188-418 50-60 -- 70-80 -- 68-278 
Alfalfa 40-100 10-30 10-30 15-40 -- 48-80 
Rooke and Hatfield, 2001 
Equally important, the structural carbohydrates play a significant role in silage 
quality and fermentation. As described by Ishler and Varga (2001) and depicted in 
Figure 1.1, the structural carbohydrates or cell wall material includes cellulose, 
hemicellulose, lignin, pectic substances and -glucans. These structural components 
could also be a potential source of fermentable carbohydrates during the silage 
fermentation process but they are much less accessible than nonstructural carbohydrates 
due to the complex structure of the cell wall. Cellulose is a linear polysaccharide 
polymer with many glucose monosaccharide units that forms microfibrils, while 
hemicellulose consists of shorter sugar chains such as xylose, which in most cases is 
the sugar monomer present in the largest amounts. Lignin is a complex polymer (not a 
carbohydrate) that interacts with cellulose, hemicellulose and pectin to form the plant 
cell wall. Pectin acts as a binding molecule that binds these different molecules by 
weak covalent bonds.  
In forages, the amount of these structural carbohydrates (cellulose, 
hemicellulose, and pectin) will vary depending on the type of forage and the maturity 
stage of the plant. For example, forages, such as alfalfa, contain 90-100 g kg-1 DM of 
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pectic polysaccharides, 60-120 g kg-1 DM hemicellulosic polysaccharides and 120-330 
g kg-1 DM of cellulose, whereas other forages such as corn contain 10-20, 145-180, 
206-232 g kg-1 DM, respectively (Rooke and Hatfield, 2003). 
The availability and degradation of the structural carbohydrates during silage 
fermentation is quite variable due to the interactions of these carbohydrates with lignin. 
According to Yahaya et al. (2001), the variations in hemicellulose loss during ensiling 
vary significantly among research studies (11.4-54.4% loss). The variability in 
hemicellulose is probably related to its low capacity to resist degradation during 
ensiling due to its shorter polysaccharide chains that can be easily hydrolyzed to WSC 
compared to cellulose. The variations among studies in cellulose losses during silage 
fermentation suggest that the breakdown of this structural carbohydrate is related to the 
proportional presence of its two existing forms: one form is lignified and protected, and 
the other is relatively free of lignin. The non-lignified form is relatively easier to 
degrade during ensiling when compared to the lignified form.  
1.3 Plant cell wall: Structure, growth and chemical composition 
Unlike animals, plants do not have a skeletal support system. The shape and 
strength of plant organs rely on the properties of cell walls, which also play a 
significant role in plant defense and plant response to environment stress factors 
(Mendoza et al., 2014). A distinguishing feature of plant cells is the presence of a 
polysaccharide-rich wall (Doblin et al., 2010) composed mainly of sugars, including 
arabinose, xylose, mannose, galactose, rhamnose, glucose, galacturonic acid and 
glucuronic acid. These sugars are arranged as polysaccharides with different 
compositions and structures and interact in the cell wall with hydroxy-cinnamic acids, 
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lignin, protein, ions and water. They are grouped as cellulose, hemicellulose and pectin 
which are the main cell-wall polysaccharides in the plant (Wang and McAllister, 2002).   
Plant cell wall is comprised of three main structures: the primary, secondary and 
tertiary wall (Wilson, 1993). The primary cell wall is the outermost layer of the wall 
and is comprised by a base structure of cellulose microfibrils. The secondary cell wall 
is laid down inside the primary wall after the cell expansion is complete. Any 
additional microfibrils deposited after the cell has stopped growing constitute a 
secondary wall (Fry, 2001). Secondary walls are often much thicker than primary walls, 
often 10-20 μm thick, and they differ from primary walls in polysaccharide 
composition (Fry, 2001). Thick cell wall provides structural strength through their 
ability to resist tension and compressive forces (Wilson, 1993; Fry, 2001). Secondary 
walls become lignified to various degrees, from a strong lignification in structures like 
the metaxylem elements, to a weak lignification as in the parenchyma bundle sheath 
cells in grass leaves or towards the center of grass stems (Wilson, 1993).  
In general, cell wall growth and development can be divided in two phases, the 
primary and secondary growth. Primary wall growth happens when the plant cell is 
increasing in size through wall elongation (Jung and Allen, 1995). During this phase, 
the cell wall is composed of polysaccharides, proteins and phenolic acids (Smith, 
1971). Pectins, xylans and cellulose are all deposited during this phase, but there is no 
lignin deposition. In grasses, ferulic acid and small amounts of p-coumaric acid are 
esterified to the arabinoxylan polymers laid down in the primary wall (Jung and Allen, 
1995).   
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When cell elongation ceases, the plant switches to a secondary wall thickening 
process. The cell wall becomes thicker as it grows from the inner edge of the primary 
wall towards the center of the plant cell (Smith, 1971). During secondary wall growth, 
the deposition of cellulose is greater than the deposition of xylans. Pectins and ferulic 
acid are no longer added to the wall during this phase (Jung and Allen, 1995). 
Deposition of lignin polymer starts during the secondary wall thickening, as 
lignification of the wall proceeds from the primary wall region into the secondary wall, 
the lignin that is deposited shifts from guaiacyl-type lignin to lignin richer in syringyl 
units (Jung and Allen, 1995). Besides this shift, in some plants such as grasses there is 
an incorporation of large amounts of p-coumarate esters into the secondary wall (Jung 
and Allen, 1995). 
Although plant cell walls have a similar basic architecture, there are important 
and specific differences in wall composition and structure among the major taxonomic 
groups of forages (Smith, 1971). For example, legume cell walls are richer in pectins 
and have relatively larger amounts of cellulose than xylans, when compared to grasses 
(Jung and Allen, 1995).  All forage species contain phenolic acids in the cell wall, 
however, grasses have greater concentrations of this acid than legumes (Jung and Allen, 
1995). Without a doubt, all the differences among forages and cell wall composition 
influence the availability of carbohydrates in biochemical processes like silage or 
rumen fermentation. However, lignin is one of the most significant factors limiting 
digestion of plant cell wall carbohydrates in ruminants, therefore, much research is 
currently focused on ways to improve the availability of these carbohydrates. A better 
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understanding of the role of lignin in forage quality is essential to troubleshoot issues 
with forage quality and digestibility.  
1.4 Anti-nutritive compounds in forages and their effect on 
digestibility 
Lignin is not a polysaccharide. It can be characterized as a polymer formed 
from monolignols derived from the phenylpropanoid pathway in vascular plants 
(Moore and Jung 2001). The interaction of lignin with the hemicellulose and the 
cellulose fractions of forages forms a complex matrix within the cell wall that results in 
a lower availability of structural carbohydrates to microbial degradation.  
In ruminants, the interaction of lignin with the structural carbohydrates is 
detrimental for digestibility, lignin being one of the major factors limiting the 
availability of plant cell wall carbohydrates for ruminant’s digestive system (Van Soest, 
1994).  According to Moore and Jung (2001), different mechanisms have been 
suggested to explain how lignin inhibits cell-wall digestion, but it is now generally 
accepted that lignin acts as a physical barrier to the microbial enzymes reaching their 
target polysaccharides. Jung (1989) described the lignin fraction of forage cell walls as 
fractions negatively associated with fiber digestion in ruminants.  
Lignification controls the amount of fiber that can be digested, and therefore has 
a direct impact on the digestible energy value of forages. Additionally, lignification 
influences the amount of dry matter that can be consumed by an animal since the 
undigested portion of the forage will pass at slower rates through the digestive system 
contributing to the fill effect of the diet. As the concentration of highly lignified forages 
in the diet increase, the less dry matter the animal can consume (Moore and Jung, 
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2001). The nature of lignin is of great importance when linking forage quality and 
digestibility in ruminants. Besides lignin, other factors such as phenolic compounds, 
ferulic acids and their crosslinking with lignin, need to be considered when 
understanding the detrimental effects of lignin in cell wall degradation in ruminants.   
Lignin and cell wall polysaccharides are intermolecularly cross-linked through 
ionic-, hydrogen- and covalent (glycosidic, ester and ether) bonds that form a three-
dimensional matrix that entraps polysaccharide within the cell wall. Therefore, 
hydrolysis of the cell wall polysaccharides not only requires hydrolytic enzymes but 
also enzymes capable of cleaving the bonds within the cross-linked matrix formed by 
the cell wall compounds (Wang and McAllister, 2002).  
The detrimental effects of phenolic acids like p-coumaric acid and ferulic acid 
have been studied for several years. A study from Jung and Fahey (1984) showed that 
the addition of p-coumaric acid and ferulic acid to test tubes containing purified 
cellulose resulted in a linear decrease in in vitro dry matter digestibility (IVDMD) of 
cellulose after 48 h (r2 = 0.86 for p-coumaric acid and 0.95 for ferulic acid), with ferulic 
acid being responsible for a greater decline in cellulose IVDMD in this study.  In the 
same study, immature and mature alfalfa and tall fescue hays were fed to four sheep in 
a digestion trial to test an association between phenolic acid content and digestion of 
structural carbohydrates. In this study, the alfalfa and tall fescue were different in 
phenolic acid and carbohydrate composition. In alfalfa, lignin content increased with 
maturation but phenolic acid concentration remained constant, whereas tall fescue 
accumulated little lignin during maturation but phenolic acid concentration increased 
dramatically (Jung and Fahey, 1984). The authors remarked that maturation of alfalfa 
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did not alter hemicellulose content while cellulose concentration increased, whereas 
both polysaccharides increased during maturation of tall fescue. Ferulic acid and p-
coumaric acid were both apparently digested by sheep, with digestibility of ferulic acid 
being greater. Plant maturity of both forages decreased digestibility of phenolic acids 
but phenolic acids of alfalfa were more digestible than those from tall fescue. 
Similarly, Burritt et al. (1984), analyzed the concentrations of lignin, phenolic 
acids and neutral sugars in reed canary grass, Russian wild rye and smooth brome grass 
cell walls. The authors found a linear negative correlation between IVDMD and the p-
coumaric acid content (r2 = -0.86). Additionally, the correlation between IVDMD and 
ratio of p-coumaric acid to ferulic acid was equal to -0.84. Another interesting finding 
in this study was that samples with high percentages of lignin contained higher ratios of 
p-coumaric compared to ferulic acid, suggesting that p-coumaric acid may be more 
important than ferulic acid in crosslinking lignin to structural carbohydrates, at least in 
these specific forages. 
More recent studies, like the one from Casler and Jung (2006), aimed to identify 
relationships among lignin and phenolic components of the fiber fractions of three 
perennial grasses (smooth brome grass, reed canary grass and cocksfoot) and the 
influence of these compounds in in vitro digestibility. These researchers observed that 
the concentrations of NDF and lignin within the NDF fraction were the most limiting 
factors after 24 hours of reaction when assessing in vitro digestibility test. On the other 
hand, after 96 hours of incubation to determine in vitro digestibility, lignin and 
etherified ferulate were the most limiting factors for all three species of grasses. 
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The effects of these secondary compounds upon digestion of the forage are 
likely to have a direct result of the microbial population within the rumen. There are 
different microorganisms in the rumen involved in degradation of the plant cell wall. 
Bacteria, fungi and protozoa are the main microorganisms involved in this process. 
According to Wang and McAllister (2002), bacteria and fungi contribute approximately 
to 80% of the rumen degradative activity and the other 20% is performed by protozoa. 
These microorganisms produce fibrolytic enzymes able to cleave specific bonds in the 
plant-cell wall matrix to degrade complex polysaccharides into simple sugars more 
readily available for these microorganisms. According to Yu et al. (2005) the extensive 
cross-links between ferulic acid and polysaccharides and ferulic acid and lignin have 
several consequences including the fact that this cross-linking serves as a physical 
barrier to attachment of rumen bacteria to the plant cell wall, consequently limiting 
digestion. Jung et al. (1991) found that the concentration of esterified phenolic acids 
was negatively correlated with in vitro dry matter digestibility and that the rate of 
polysaccharide degradation by rumen microorganisms decreases in the presence of 
ferulic acid dimers. Interestingly, Kerley et al. (1988) cited some studies that showed 
how phenolic acids inhibit growth and cellulolytic activity of ruminal bacteria (Chesson 
et al., 1982). For example, Akin (1982) found that p-coumaric acid was more inhibitory 
to cellulose degradation than ferulic acid, on the other hand other authors reported 
greater inhibition from ferulic acid in cellulose degradation suggesting that different 
bacterial species respond differently depending on the type of phenolic acids present in 
the plant.  
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1.5 The effects of ensiling on fiber degradation 
Biochemical processes during ensiling contribute to some partial hydrolysis of 
the plant cell wall carbohydrates such as cellulose and hemicellulose (McDonald et al., 
1991). The rate and extent of structural carbohydrate hydrolysis by enzymes, bacteria 
and acid hydrolysis may vary depending on the amount of substrate, the status of the 
fermentation and the degree of lignification of the ensiled forage. There are three 
possible mechanisms by which the structural carbohydrates are broken down during 
ensiling, the first is by hemicellulases and cellulases present in the forage or from 
enzyme additives. However, these hydrolases do not seem to be efficient in degrading 
structural carbohydrates during the silage fermentation due to the complexity of these 
polysaccharides within the wall matrix (Bedrosain et al., 2012). The second mechanism 
is by cell wall hydrolyzing mechanisms by epiphytic microorganisms or inoculants. 
Although little research has been done with epiphytic microorganisms, some studies 
were able to show that inoculants can have some effects on fiber degradation thus, 
improving digestibility of forages. The third mechanism is hydrolysis by organic acids 
produced during fermentation. According to Henk et al. (1992) the acidic conditions 
resulting from the ensiling fermentation influence three properties of the stored silage. 
Firstly, microbial populations in the silage are stabilized and metabolic consumption of 
soluble sugars is minimized. Secondly, the reactivity of structural polysaccharides to 
enzymatic degradation is enhanced. Thirdly, the pH for near-optimal activity of 
hydrolytic enzymes is maintained. As stated by these authors, the acidic conditions in 
silage “separate” the matrix polysaccharides that surround the cellulose microfibrils by 
weakening the hydrogen bonds between the matrix components. This acidic 
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environment also favors the removal of the acetyl esters, which enhances hemicellulose 
and cellulose reactivity to action by hydrolytic enzymes.  
1.6 Commercial fibrolytic enzymes for silage 
In the context of silage, a variety of enzymes capable of degrading fiber and 
starch have been used as silage additives. Silage additives can contain single enzymes, 
a combination of enzymes, or even mixtures of enzymes with lactic acid bacteria 
inoculants.  
According to Kung (2003), the commercial enzyme mixture most often used in 
the industry are cellulase, hemicellulase and amylase. Typically, enzymes are classified 
broadly by the substrate on which they act and by their specificity. For example, 
cellulases are enzymes capable of degrading cellulose, but this classification is still 
vague since there are several different cellulases (i.e. endocellulase, exocellulase, and 
-glucosidase) capable of targeting different substrates. Despite this specificity, most 
published research investigating the use of enzymes as a forage additive do not specify 
the enzyme used, and hence the following section outlines the literature at the level of 
specificity stated in the original research publications. 
In general, cellulase targets the cellulose portion of forages, releasing end-
products including glucose, maltose and dextrins. Hemicellulases or xylanase 
complexes, target the hemicellulose portion of forages releasing end-products like 
xylose, xylans and arabinose (Table 1.2). 
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Other enzymes, such as amylase, target starch as the main substrate to release 
end-products like glucose and maltose (Kung et al., 2003). Commercial enzyme 
products are relatively concentrated and purified, and they contain specific enzyme 
activities (Beauchemin et al., 2004). According to Beauchemin et al. (2004), most of 
these enzyme products contain cellulase and hemicellulase activities and they are 
mainly from fungal and bacterial origin. One of the main issues with interpreting the 
current literature available outlining the effects of fibrolytic enzymes is the variability 
across experiments; the use of concentrated enzymes and other products which may 
contain pure enzymes versus mixtures of enzymes are often not specified (Beauchemin 
et al., 2004), which might be one of the most prevalent reasons why research testing 
enzymes in forages or in ruminant based studies is inconsistent. The efficacy of 
Table 1.2 Major enzymes involved in plant cell wall hydrolysis 
Plant cell wall polymer Enzyme EC 
number 
Substrate Bonds hydrolyzed End products 
 Endo--1,4-
glucanase 










 -glucosidase 3.2.1.2.1 Cellobiose -1,4-glucose 
linkages 
Glucose 
 Endo- -1,4 
xylanase 
3.2.1.8 Xylan -1,4-xylose 
linkages 
Xylooligomers 
 -1,4-xylosidase 3.2.1.37 Xylobiose -1,4-xylose 
linkages 
Xylose 
 -glucoronidase 3.2.1.139 Glucoronoxylan -1-3 or 1-2 
linkages 




3.1.1.72 Acetylxylan ferulic 
acid 
Acetylesterbond Acetate and xylan 
 Ferulic acid 
esterase 
3.1.1.73 Cross bridge or 
linkage 


















1,3 and 1,4 bonds 
Lichenan oligomers 
-D-glucan oligomers 
Beauchemin et al. (2004) 
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enzymes is based on enzyme activity alone; therefore, more research is needed to 
identify the specific critical enzyme activities and concentrations required for better 
outcomes in forages and ruminants. 
To date, researchers are still elucidating the effects of the specific enzymes in 
silage, since most of the published research is very inconsistent regarding the 
description of enzymes used and consequently the results outlining the effects of 
enzymes and enzyme mixtures on improving silage fermentation or improving fiber 
digestibility in ruminants is unclear. It is key for future research to outline as much 
detail as possible for the enzymes in a given study and be extremely cautious when 
interpreting the results and the effects of the enzymes as well as documenting specific 
details of the research studies such as type of forage, plant maturity, dosage, enzyme 
activities under specific study-situations, and mode of application.  
1.7 Fibrolytic enzymes: Mode of action, application and factors 
affecting enzyme action 
1.7.1 Mode of action 
In silage, fibrolytic enzymes act by hydrolyzing plant components such as cell 
wall polysaccharides. Fibrolytic enzymes act by binding to specific substrates and 
cleaving chemical bonds within the substrate chemical conformation. The cleaving of 
these specific sites in the fiber/cell wall components (cellulose and hemicellulose) 
results in a release of less complex compounds like simple sugars which in turn could 
be more available for the silage microorganisms and for the animals consuming that 
forage. 
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Cellulose is hydrolyzed through a complex process involving cellulases such as 
endocellulase, exocellulase and -glucosidase (Table 1.2; Beauchemin et al., 2003). 
Endoglucanases hydrolyze the cellulose chain from the non-reducing ends producing 
cellobiose. The glycan chains in cellulose are linked together through hydrogen bonds 
to form cellulose microfibrils, which can be linked to hemicellulose. These chains can 
be highly ordered and strongly linked by hydrogen bonds to form crystallites or loosely 
arranged to form amorphous regions (Beauchemin et al., 2003).  The crystalline regions 
of cellulose are not accessible to endocellulases, whereas the amorphous regions can be 
hydrolyzed by endocellulases and exocellulases. Therefore, authors like Kung (2001) 
suggest that enzyme mixtures need to be considered when applying to silages to 
promote a synergistic effect of the enzymes. On the other hand, hemicellulose is prone 
to form hydrogen bonds with cellulose and the main backbone and side groups of 
hemicellulose are linked through covalent bonds with phenolic compounds and lignin.  
1.7.2 Application 
There are different ways to use fibrolytic enzymes with the aim to increase 
productivity in a forage-ruminant system. One way is to apply the enzymes to forages 
as additives during ensiling or while making hay. Another option is to apply the 
enzymes as feed additives (before feeding). Both application methods have their pros 
and cons. For example, applying enzymes during ensiling, or while making hay, can be 
a good option when forages are low in quality or simply as an attempt to increase the 
quality of a given forage by improving the conservation (less losses) due to a better 
fermentation in silages. Additionally, the application of enzymes can offer a potential 
advantage in forage-based systems, since the enzymes have the potential to increase 
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fiber digestibility which can result in increases of dry matter intake. The application of 
enzymes in silage can also have detrimental issues since some of the nutrients such as 
simple sugars can be used by silage microorganisms and therefore, they will not be 
used by the animals consuming those forages.  On the other hand, applying enzymes 
before feeding could be advantageous when trying to improve the nutritional value of 
forages or other feeds. According to Adesogan et al. (2014), enzyme application to 
diets immediately before consumption instead of at the point of forage ensiling is 
attractive because the fermentable substrates released by enzymatic action can be 
directly fermented by ruminal bacteria, thereby releasing energy for the host animal. 
However, care is needed to ensure an even distribution of the small quantity of enzyme 
that is typically needed. According to this author, several studies have demonstrated 
that enzyme application at feeding improves milk production in dairy cows and 
improves average daily gain in beef cattle (Yang et al., 2000; McAllister et al., 1999). 
However, this approach is questionable since the length of time that the enzymes are 
able to interact with the forage and exert their effect on the TMR might not be long 
enough to induce a partial hydrolysis of the targeted substrates. Besides, since most 
enzymes are proteins, some studies have shown that they are rapidly broken down to 
amino acids by proteolytic bacteria in the rumen, although other studies have shown a 
synergistic action between fibrolytic enzymes and mixed ruminal bacteria increasing 
the hydrolysis of soluble cellulose and xylans (Morgavi et al., 2000). 
1.7.3 Factors affecting enzyme action and selection criteria 
To optimize the effects of fibrolytic enzymes for silages or ruminant diets, it is 
essential to take into consideration different factors that will influence their activity. 
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Seale (1987) proposed 11 criteria for the selection of an enzyme to be considered as an 
effective silage additive (Table 1.3).  
 
To be effective, enzymes need a pH range from 4.0 to 6.0, temperature above 
40°C (Colombatto et al., 2004), and a wide range of DM content in the forage (100 to 
600 g kg-1). Enzyme activity, stability and rate of hydrolysis are affected when these 
conditions are not optimal. Colombatto et al. (2004) stated that hydrolytic capacity of 
the enzymes is higher at lower pH levels (4.0 – 6.0) and that temperatures above 40°C 
will positively influence enzyme stability. These pH and temperature ranges suggest 
that enzymes are a good option when used as silage additives. The pH of fresh forage 
oscillates between the 5.5 and 6.0. As the oxygen levels decrease, there is a fast pH 
Table 1.3 Criteria for the selection of an enzyme to be consider as an effective silage additive 
1. Contain endoglucanase, exoglucanase, cellobiase, and hemicellulase activities 
2. Release sufficient fermentable sugars during the first 48 hours of ensiling 
3. Be active in the pH range of 4.0 to 6.5, but have little activity below 4.0 
4. Be active in the temperature range 0-50oC 
5. Be active in the DM range 100 to 600 g kg-1 
6. Be active for a wide range of crop maturities 
7. Have a “cut off” mechanism, such as pH or end-product inhibition 
8. Contain limited pectinase activity and no protease activity 
9. Improve the digestibility and feeding value of silage 
10. Maintain a high activity during refrigerated storage 
11. Be cost-competitive with other additives 
Seale (1987), adapted from Kung et al. (2003) 
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drop due to the acidic conditions promoted by silage LAB. The initial fermentation 
phase will promote optimal activity of the enzymes which will release more available 
fermentable carbohydrates that are crucial during this phase to promote an optimal 
acidity level. Furthermore, the increase in silage temperature of silage during the first 
hours of the initial phase (~21 to 25°C depending on weather conditions) due to plant 
cell respiration will promote higher activity for the enzymes. This means that most 
enzymes will be active for a longer period when silages are well managed and heat is 
not an issue. Enzyme activity could be higher when silage conditions promote a steady 
pH drop. 
1.8 The effect of enzyme treatment on the nutritive value of silage 
Forages are a major source of energy for ruminants, yet many forage species are 
lacking in quality primarily due to a limited digestibility and low energy availability to 
the animal. Forages of low digestibility are characterized by an incomplete use of cell 
wall fractions in the rumen due to the complex linkages within the forage cell walls, 
which, ultimately, limit the degradation of high-value nutritional compounds. In the 
past decades, several studies have investigated the effects of fibrolytic enzymes in 
silages, and the potential outcomes when these silages are fed to ruminants (Mendoza et 
al., 2014).  
Lynch et al. (2014) studied the effects of fibrolytic enzymes on fiber 
degradability, chemical composition and fermentation characteristics of early maturity 
alfalfa silage. This study showed that the addition of fibrolytic enzymes 
(endoglucanases and xylanases) to experimental laboratory alfalfa silos did not affect 
silage DM losses or lactic or acetic acid concentrations after 70 days of ensiling. 
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However, silages treated with a mixture of cellulase and xylanase (75:25 ratio) had 
lower NDF and ADF when compared to the control. In theory, lower values of NDF or 
ADF should improve digestibility of forages, but in this study there was no 
improvement for NDFD (NDF digestibility) or ADFD (ADF digestibility) in vitro for 
the treated silages.  
Beuvink and Spolestra (1994) tested the effects of six different fibrolytic 
enzymes in grass silage ensiled under different conditions of dry matter and stage of 
maturity. In their study, silages treated with a mixture of hemicellulase and cellulase 
(47:53 ratio), cellulase and pectinase (20:80 ratio) and a mixture of all the enzymes 
(12:7:80 ratio for hemicellulase, cellulase, and pectinase, respectively) showed lower 
NDF contents and higher lactate contents than the control silage. Additionally, the 
authors found a strong interaction between DM content and the addition of the enzymes 
for NDF degradation and lactic acid production suggesting that at higher DM content, 
the effect of the enzyme addition on NDF degradation and lactic acid production 
diminished. This study also looked at the effects of enzyme treatments on in vitro gas 
production using samples buffered in rumen fluid and monitored for 48 hours. 
Compared with the control, the maximum gas production rate was lower for the silages 
treated with the mixture of hemicellulases and cellulases, cellulase and pectinase and 
the complete mixture of enzymes indicating that the enzymes degraded cell wall 
material to more easily fermentable components, leaving a higher proportion of the 
slowly fermentable fraction. However, the total amount of gas produced was not altered 
by all the enzyme treatments, but a shift towards more fermentable material was 
observed. 
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Selmer-Olsen (1994) tested enzymes as silage additives in silages composed of 
a grass-clover mixture. In this study, cellulases and hemicellulases were tested on 
timothy (Phleum pretense), meadow fescue (Festuca pratensis) and red clover 
(Trifolium pretense) silages. Enzyme-treated silages reached a low pH more rapidly 
than the control (no enzyme) and had a lower end pH, contained less NH3-N and 
produced more lactic acid than the untreated silages. According to this author, the 
enzymes derived from Aspergillus spp. render more acetic acid than enzymes from 
Trichoderma resei. Despite the positive effects in silage fermentation, this study 
concluded that enzyme treatments increased the instantly degradable part of the feed 
however, digestibility was not affected because the changes in the cell wall components 
were not sufficient to show improvements on digestibility. 
Similarly, Rodrigues et al. (2001) evaluated the effects of cellulase and 
endoxylanase enzymes on the chemical composition and the fermentation 
characteristics of grass silages. For this study, perennial ryegrass was ensiled in 1-litre 
glass containers for 90 days. The experimental silos were inoculated with cellulase (0.2 
g/kg) and endoxylanase (0.05 g/kg) on a fresh weight basis. The authors reported that 
enzyme treatments significantly reduced NDF and ADF content (DM basis). Acetic 
acid content of treated silages was reduced and concentrations of lactic acid increased. 
A second experiment within the same study showed an increased sugar concentration in 
the treated silages but no changes in digestibility due to treatment. However, enzyme-
treated silages tended to increase the rate of gas production (CO2) within 10 hours of 
inoculation with rumen fluid, and these findings are similar to the ones reported by 
Selmer-Olsen (1994).  
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These findings suggest that enzyme-treated silages induce a partial degradation 
of fibers during ensiling and in some cases improving the fermentation characteristics 
of silages. The fact that some of these fibrolytic enzyme treatments did not improve 
digestibility of silages is no reason to underestimate the benefits of these enzymes. The 
previously cited studies show the capacity of the enzymes to stimulate a better silage 
fermentation and even more interestingly, these studies are showing differences in gas 
production when in vitro incubation of the silages was performed. This suggests that 
enzymes may improve microbial attachment to particles in rumen conditions by 
possibly increasing the total surface area of forage particles available for cellulolytic 
bacteria (Nadeau et al., 1996) due to the breakdown of polysaccharides of the cell wall 
such as cellulose and hemicellulose. 
Van Vuuren et al. (1989) tested different preparations of commercial fibrolytic 
enzymes in a mixture of ryegrass and white clover (83% / 17% proportion on wet 
basis). The forage was harvested at 15, 28, and 42 days after the second cut and ensiled 
in 1.5-liter preserving jars at harvest DM of 20%, or wilted to 30 and 45% DM. The 
ensiling period of the experimental silos was 90 days and the silos were incubated at 
30°C. After the 90 days of ensiling, samples were taken and then incubated in nylon 
bags for in sacco ruminal studies of organic matter degradation, crude protein and 
cellulose degradation during 3, 6, 12, 24, 48 and 288 hours. The silages treated with 
enzymes had significantly decreased cell wall content, and the authors reported that the 
magnitude of the decrease was directly linked to the stage of maturity of the plant as 
well as the DM content influenced the effect of the enzymes findings, in agreement 
with Beuvink and Spolestra (1994). One of the most interesting findings in this study 
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was the effect of the enzymes on the organic matter degradability at early incubation 
time points. The instantly degradable fractions and the rates of degradation of the 
organic matter decreased with increasing maturity whereas the undegradable fractions 
increased, although the rate of hemicellulose was not influenced by enzyme treatment. 
This study supports the suggestion that the effect of the enzymes is possibly related to 
the stage of maturity of the plant. Enzymes such as cellulases mainly influence the 
hydrolysis of the more easily degradable cellulose, thereby retaining a more of the 
slowly degradable fraction of the forages.   
A similar study by Nadeau et al. (1996) evaluated the effects of cellulase from 
Trichoderma longibrachiatum combined with formic acid in silages made with orchard 
grass (Dactylis glomerata) and alfalfa (Medicago sativa). The authors reported that the 
mean concentrations of NDF of treated silages was 19% lower than the control silages. 
The extent of digestion in situ for NDF, cellulose, and hemicellulose was 33, 37 and 
27% lower for treated silages than the control silages, respectively. Additionally, this 
study examined the ruminal solubilization of lignin resulting from microbial activity 
and may be caused by solubilization of carbohydrate esters of phenolic monomers in 
the cell walls. In this study, 43% of the ADL (acid detergent lignin) concentration in 
orchard grass and 14% in alfalfa disappeared during a 96-hour incubation period. The 
authors claim that these differences are related to the greater initial concentration of 
lignin in alfalfa than orchard grass and that lead to a stronger effect of cellulase on cell 
wall degradation during ensiling of orchard grass possibly to an effect of cellulase 
modifying the ligno-hemicellulose complex and as a result more easily degraded by 
ruminal microbes.  
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1.9 The effect of fibrolytic enzyme treatments in animal based studies 
Kung et al. (2002) investigated the effects of spraying forages with different 
mixtures of fibrolytic enzymes (cellulase and xylanase) to increase the nutritive value 
for lactating dairy cows. In this study, 27 Holstein cows were fed a TMR (total mixed 
ration) consisting of 30% corn silage, 15% alfalfa hay, and 55% concentrate (DM 
basis). The forages were treated during a 12-week period with two different mixtures of 
cellulases and xylanases mixed and diluted in water. The control treatments were 
sprayed with equal amounts of water. Treatments had no effect on DMI, milk fat, and 
protein (percentage and yield). Milk production was not affected by treatments but 
cows fed forage treated with a mixture of cellulase and xylanase produced 2.5 kg more 
3.5% fat corrected milk.   
Recent research from Silva et al. (2016) evaluated the effects of fibrolytic 
enzymes on chewing time, ruminal fermentation, and performance of lactating dairy 
cows. In this study, 24 multiparous Holstein cows (mid-lactation) were used to test the 
effects of increasing doses of a commercial fibrolytic enzyme product with xylanase as 
its main enzyme component. Treatments consisted of 0, 8, 16 or 24 g d-1 per cow of 
fibrolytic enzyme mixed into the concentrate. This experiment showed that even though 
fibrolytic enzyme supplementation had a positive linear effect on DM and NDF intake, 
it had no impact on total tract digestion of nutrients. Additionally, the enzyme 
treatments promoted a positive quadratic response of the time in rumination and hours 
of chewing activity. The treated diets influenced ruminal parameters where a linear 
increase was observed in acetate, propionate, butyrate, and total short-chain fatty acid 
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synthesis. However, milk production was not improved by any of the fibrolytic enzyme 
concentration.  
Romero et al. (2016) evaluated the performance of dairy cattle with a xylanase-
rich exogenous enzyme preparation. The objective was to study the effect of adding 
two exogenous fibrolytic treatments (xylanase, and a mixture of cellulase and xylanase) 
to a TMR. The TMR consisted in 10% bermuda grass silage, 35% corn silage, 5% 
alfalfa orchard-grass hay mixture and 50% concentrates (DM basis). The addition of 
xylanase treatment increased DM intake by about 1 kg and tended to increase yields (kg 
d-1) of fat-corrected milk and milk fat. The enzymatic treatments did not affect ruminal 
DM degradation kinetics of the TMR, ruminal pH, ammonia-N or VFA concentrations.  
Animal based studies have shown mixed positive and negative effects of 
fibrolytic enzymes when added as feed additives as well as used as silage additives; 
however, both approaches tend to be beneficial to some extent.  
In conclusion, the addition of enzymes whether for silage or in the TMR, seems 
to be a field where more research is needed. However, the decision-making needs to be 
based on the nutritive and production benefits in comparison to the cost and labor 
involved in use of the enzyme. In addition, the objective of adding the enzymes needs 
to be considered to determine whether it is an appropriate tool. For example, the 
fibrolytic enzymes could be a good resource when forages have a low quality for 
multiple reasons and the silage fermentation is compromised. Additionally, the addition 
of fibrolytic enzymes added to diets could be a good management tool, when feeding 
poorly digestible diets or when trying to stimulate dry matter intake or digestive-
behavioral factors in ruminants.  
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1.10 Effect of bacterial inoculants on fiber degradation during ensiling 
The detrimental effects of lignin on fiber degradability has led to new 
approaches looking at microorganisms capable of producing enzymes able to disrupt 
the cross-linkages of lignin with cellulose and hemicellulose. Silage inoculants such as 
Lactobacillus buchneri have been shown to improve fermentation characteristics (VFA 
production) of silages since this strain is able to produce acetic acid from lactic acid, 
therefore improving aerobic stability (Driehuis et al., 2001). Recently, new strains of L. 
buchneri have been tested to evaluate their potential effects on fiber degradation since 
they are capable of producing ferulate esterase (Nsereko, 2008).  
Jin et al. (2015) evaluated the effects of ferulate esterase-producing lactobacilli 
and fibrolytic enzymes on mixed small-grain silages. After 90 days of ensiling, the 
silages treated with a mixture of ferulate esterase-producing inoculant plus fibrolytic 
enzymes (xylanase and endoglucanase) had lower NDF and ADF concentrations. Dry 
matter losses of the control and the ferulate esterase inoculant were lower than the non 
ferulate esterase-producing inoculants. At 24 and 48 hours of in situ degradability, 
silages treated with ferulate esterase-producing inoculants had a higher NDF 
digestibility. The authors concluded that the use of non-ferulate and ferulate esterase 
inoculants improved the fermentation characteristics of a mixture of barley, oat and 
triticale silages. The combination of inoculants producing ferulate esterase-producing 
inoculant and fibrolytic enzymes showed a great potential to reduce NDF and ADF. 
Furthermore, the combination of fibrolytic enzymes with a non-ferulate esterase 
producing inoculant may have a positive effect on the feeding of high-producing dairy 
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cows with high passage rate since these treated silages were improved in the soluble 
and rapidly degradable fraction of the DM.  
Similarly, Nsereko et al. (2008) tested the effects of different ferulate-esterase-
producing strains on perennial ryegrass. As expected from L. buchneri strains, most of 
them improved fermentation characteristics of silages by shifting the lactic to acetic 
ratio, and by improving the aerobic stability. Except for one strain (NRRLB-30871), 
inoculation with those strains increased NDF digestibility by 9 to 11%. These 
researchers concluded that, to optimize the effects of these ferulate esterase-producing 
inoculants, commercial mixtures should include regular homofermentative lactic acid 
bacteria to boost the effects on silage fermentation characteristics while improving fiber 
digestibility. On the other hand, studies from Lynch et al. (2014) examined the effect of 
ferulate esterase inoculants in alfalfa silage, finding greater DM losses and higher pH, 
and lesser NDF digestibility after 70 d of ensiling when compared to the non-inoculated 
silages. The authors conclude that the addition of a ferulate esterase producing 
inoculant in alfalfa did not promote any positive effects in this study.  
Another approach under investigation is in relation to the effects of “traditional” 
commercial inoculants and their effects on fiber digestibility. These traditional 
inoculants have been used with the only purpose of improving silage fermentation 
characteristics and as a management tool to reduce losses during ensiling. These 
microorganisms include strains from lactobacillus such as L. plantarum, Pediococcuss 
pentosaceous, Enterococcus faecium among others classified as 1st generation 
inoculants since they can only ferment sugars to lactic acid. On the other hand, 2nd 
generation inoculants such as L. buchneri can utilize lactic acid to produce acetic acid, 
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therefore they fall into the 2nd generation classification.  The effects of these inoculants 
have not been studied extensively and but in some research publications, these 
inoculants seem to exert some positive effects on fiber degradation during ensiling.  
 A study performed by Filya et al. (2007) evaluated the effects of 14 microbial 
inoculants on the fermentation and nutritive value of alfalfa silages under laboratory 
conditions. As expected, most of the microbial inoculants improved the fermentation 
profile of alfalfa. Surprisingly, some of the inoculated silos had some positive trends to 
improve IVDMD. These results are not in agreement to with what is known so far 
about microbial inoculants since traditional LAB inoculants are not recognized as 
harboring enzymes capable to break down structural carbohydrates. A recent study by 
Liu et al. (2016) demonstrated that traditional LAB inoculants (L. casei, L. plantarum, 
and P. pentosaceous) increased ADF degradation under in situ conditions and that the 
treated silages produced more CO2 when compared to the untreated silages, which 
might indicate a more active fermentation. The authors conclude that their findings 
suggest that in vitro fermentation from silage is specific to the different bacterial strains 
utilized as inoculants and that these inoculants could to some extent improve the silage 
quality and degradation rates under rumen conditions.  These studies have raised more 
questions than answers and more research is needed to understand the biological 
mechanisms in which these inoculants can improve fiber digestibility.  
1.11 Summary and hypothesis 
Research involving the effects of fibrolytic enzymes is still unclear and not 
unanimously supportive about the use of fibrolytic enzymes as a management tool to 
improve silage fermentation and digestibility. The biggest challenge is to find the best 
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combination of specific enzymes for the many different circumstances present under 
farm-scale conditions.  Similarly, the use of lactic acid bacteria inoculants as additives, 
including 1st, 2nd or 3rd generation inoculants, to improve silage fermentation but also to 
act as additives to enhance fiber digestibility on ruminants is still unclear. However, 
many research studies have shown promising results that indicate the potential effects 
of these additives and more research is needed to support these improvements on fiber 
digestibility, which ultimately need to be translated into improvements in animal 
efficiency and farm profitability. 
It is hypothesized that the use of fibrolytic enzymes on alfalfa silage will: 
1. Decrease NDF, ADF, cellulose and hemicellulose concentrations during ensiling. 
These reductions in fibers will be reflected in the extent of WSC release during 
silage fermentation.  
2. Promote a homolactic fermentation where lactic acid will be in higher 
concentrations. 
3. Improve fiber digestibility due to a partial degradation of fiber during ensiling.  
It is hypothesized that the use of LAB inoculants on alfalfa silage will: 
1. Partially degrade NDF, ADF, cellulose and hemicellulose concentrations during 
ensiling.  
2. Promote a fermentation dominated by lactic acid when inoculating with 
homofermentative bacteria.  
3. Promote a fermentation dominated by acetic acid when inoculating with 
heterofermentative bacteria 
4. Improve fiber digestibility due to a partial degradation of fiber during ensiling. 
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1.12 Thesis objectives 
Our research is focused on the impact of fibrolytic enzymes and traditional 
commercial inoculants on fiber degradation in alfalfa silage. Worldwide, silage is used 
as a conservation method for forages and it plays an important role in farm profitability. 
Dry matter losses due to a poor fermentation range between 10 and 40% depending on 
best management practices. The need to reduce losses during this process is highly 
important for farmers that rely on silage conservation to preserve the quality of their 
forage. Fibrolytic enzymes and silage inoculants as additives are a useful method for 
farms to enhance their profitability by improving silage fermentation characteristics and 
reducing DM losses. Additionally, the potential effects of enzymes and/or inoculant 
additives on fiber degradation and digestibility of forages makes them a useful tool 
when trying to improve forage digestibility in situations where forage quality is 
compromised. Furthermore, it is known that ensiling alfalfa is challenging due to the 
high buffering capacity and issues such as butyric or clostridial fermentation. The 
release of a previously unavailable WSC supply during ensiling can improve the 
fermentation characteristics of alfalfa silage. Our research aimed to understand the 
impact of fibrolytic enzymes and LAB inoculants used at recommended commercial 
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This research study was divided in two experiments:  
1. The first experiment tested the effects of fibrolytic enzymes on alfalfa harvested 
at two different maturity stages (late bud and late vegetative) and ensiled for two 
fermentation periods (40 and 120 day of ensiling). This first experiment aimed 
two understand the effects of the enzymes on silage fermentation characteristics, 
changes in fiber composition during ensiling, and in vitro digestibility with 
different fiber compositions of alfalfa.  
2. The second experiment aimed to test the effects of five commercial inoculants 
(homofermentative and heterofermentative lactic acid bacteria) on alfalfa silage 
harvested at late bud stage of maturity by evaluating changes in fiber composition 
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2. CHAPTER 2: EFFECTS OF FIBROLYTIC ENZYMES IN ALFALFA SILAGE 
HARVESTED AT TWO STAGES OF MATURITY 
ABSTRACT 
Fibrolytic enzymes are used as silage additives to improve nutritive value of 
forages. This study investigated the effects of different mixtures of fibrolytic enzymes 
sprayed onto alfalfa (Medicago sativa) harvested at early and late maturity, each 
ensiled for 40 and 120 days. Fibrolytic enzymes included 1) a mixture of cellulase and 
xylanase (CELL+XYL), 2) xylanase (XYL), 3) ß-glucanase (GLUC), 4) a mixture of ß-
glucanase and xylanase (GLUC+XYL), and 5) Control (CON) consisting only of water 
(no enzyme addition).  Alfalfa was cut, wilted, chopped and packed into experimental 
laboratory-scale silos and maintained in a temperature-controlled room at 25 °C for the 
duration of the ensiling periods. After the designated ensiling time, the experimental 
silos were opened and samples were taken for fermentation profile analyses, fiber 
composition and fiber digestibility (uNDF) in vitro and predicted by near infrared 
reflectance spectroscopy (NIRS). The data were analyzed as a completely randomized 
design with five treatments and two storage periods (40 and 120 d of ensiling) and both 
cuttings were analyzed separately using a one-way ANOVA to compare treatments by 
ensiling time. Alfalfa harvested at early maturity treated with fibrolytic enzymes did 
not show significant improvements in fiber degradability during ensiling, fermentation 
characteristics or fiber digestibility. However, when alfalfa was harvested at late 
maturity and treated with a mixture of CELL+XYL, XYL and GLUC+XYL the NDF 
and ADF content at 40 d of ensiling tended to decrease. Total volatile fatty acid (VFA) 
production was improved at 40 and 120 d of ensiling for the silages treated with 
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CELL+XYL at both ensiling periods. Additionally, improvements in fiber digestibility 
were observed in uNDF at 24 h of in vitro incubation for the silages treated with 
CELL+XYL at 40 d of ensiling for the late maturity alfalfa. The results of this study 




Well-preserved alfalfa (Medicago sativa) is considered as one of the highest 
quality forages fed to ruminants as hay or silage (Getachew et al., 2006). The protein 
content of alfalfa is typically greater than other forages, while its content of water 
soluble carbohydrates (WSC) tends to be lower in comparison to forages such as corn 
silage or grasses (Claessens et al., 2016). A high protein content and low concentration 
of WSC makes alfalfa a difficult forage to ensile. The high protein in alfalfa increases 
its buffering capacity (Wen et al., 2017), meaning that more lactic or acetic acid are 
needed to decrease the pH during silage fermentation (Yuan et al., 2016). Several 
management practices can be implemented to optimize alfalfa silage fermentation and 
to produce a high-quality conserved forage. Harvesting at the optimal maturity, bud to 
early bloom, and at a dry matter level of 30 to 45% DM (Jones et al., 2004) are two of 
the most important practices to achieve a good quality alfalfa silage. Commercially 
available silage additives such as microbial inoculants, fibrolytic enzymes or mixtures 
of both, are being used as a common practice on farms to improve silage quality (Kung 
et al., 2003). The main objective of using fibrolytic enzymes in silage is to increase the 
supply of WSC in crops that are difficult to ensile (Kung et al., 2003), which is 
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achieved via the enzymatic breakdown of structural carbohydrates from the plant cell 
wall into smaller carbohydrate molecules (i.e. glucose; Kung et al., 2003). The increase 
in substrate availability (WSC) for lactic acid bacteria (LAB) fermentation then 
promotes a higher production of lactic and/or acetic acid, which aids in the 
conservation of the forage during the ensiling process. A secondary role of fibrolytic 
enzymes in silage is in relation to the breakdown of cell wall structural carbohydrates 
promoted during ensiling which would result in a degradation of fiber measures such as 
neutral detergent fiber (NDF) and acid detergent fiber (ADF). Indeed, an increase of 
forage fiber digestibility is observed in ruminants fed with silages treated with 
fibrolytic enzymes (Thomas et al., 2013). Although the effects of fibrolytic enzymes in 
silage and their effects on ruminants have been studied for almost two decades, their 
impact on silage fermentation and fiber degradability is still variable (Silva et al., 2016) 
and more research is required to support their use as silage additives capable of 
consistently improving silage nutritive value. Most of the variations in the literature can 
be related to the various experimental conditions utilized such as forage type, stage of 
maturity at harvest, enzyme application mode, and applied dosage. For example, Jaster 
and Moore (1990) reported that fibrolytic enzymes were not effective when applied to 
alfalfa before ensiling. To observe a reduction in fiber, the dosage had to be increased 
to 50 times the recommended by the manufacturer. Additionally, a study by Lynch et 
al. (2014) showed that the addition of fibrolytic enzymes (endoglucanase and xylanase) 
to alfalfa silage did not affect silage DM losses after 70 d of ensiling and neither lactic 
or acetic acid production was increased by the addition of these enzymes after 70 d of 
ensiling. However, silages treated with a mixture of cellulase and xylanase (75:25 ratio) 
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decreased NDF and ADF when compared to the control silages in this same study. 
Therefore, no improvements in digestibility were observed in the previous study under 
in vitro conditions. Other studies that investigated the use of fibrolytic enzymes have 
observed mixed results (Rodrigues et al., 2001, Selmer-Olsen, 1994) where the addition 
of fibrolytic enzymes not always results on improvements on silage fermentation 
characteristics, fiber degradation during ensiling or fiber digestibility altogether. 
However, these mixed results are not a reason to underestimate the potential benefits of 
fibrolytic enzymes since more research is needed to understand the best conditions to 
observe constant results.  
Therefore, the objective of our study was to evaluate the effect of fibrolytic 
enzymes on alfalfa silage harvested at two different stages of maturity and ensiled for 
two different lengths on fermentation characteristics, fiber degradability during ensiling 
and fiber digestibility at early incubation time points under in vitro conditions as well 
as to evaluate their potential effects on digestion kinetics in cattle assessed by NDF 
digestibility predicted by NIRS. 
2.2 Materials and methods 
2.2.1 General field characteristics 
 
This experiment was performed by Lallemand Specialties Inc. during the 
summer and fall of 2016 at the William H. Miner Agricultural Research Institute in 
Chazy, NY, USA (44° 53' N, 73° 27' W). The field selected for this study was in its 
second year of alfalfa. During the first year (spring of 2015), the field was planted with 
a mixture of alfalfa and four grasses. Alfalfa (Medicago sativa) was planted at a rate of 
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13.5 kg per hectare, forage oats (Avena sativa) at 3.5 kg per hectare, tall fescue 
(Festuca arundinacea) at 4.5 kg per hectare, reed canary grass (Phalaris arundinacea) 
at 4.5 kg per hectare, and perennial ryegrass (Lolium perenne) at 4.5 kg per hectare. In 
2016, the first cut (June) and third cut (August) were used for this study. Before cutting, 
an assessment of the field was performed two days before the harvest to evaluate 
maturity stage, forage type proportions, and botanical composition according to the 
methodology proposed by Fick and Mueller (1989). Five representative samples were 
collected randomly across the field by hand clipping (5 cm above the soil) all the forage 
present in a 50×50 cm metal frame. The samples were collected in plastic bags and 
weighed, then stems from alfalfa and grass were separated and weighed to determine 
the field proportions and botanical composition. The forage proportions (mean and 
standard deviation) of the alfalfa field at the first cut were 86.06  6.54% alfalfa to 
13.66  7.38% grass (as fed basis) and for the third cut the forage proportions were 
94.48  1.32% alfalfa to 5.52  1.32% grass (as fed basis). Forty alfalfa stems from 
each of the five representative samples were used to determine the maturity of the field 
according to the scale proposed by Fick and Mueller (1989). The maturity of the field 
during the first cut was at the late bud stage and, whereas for the third cut the maturity 
was at the late vegetative stage according to Fick and Mueller (1989) and the guidelines 
proposed by Bosworth and Stringer (1985). The chemical composition of the fresh 
forage for both cuts is listed in Table 2.1. Additionally, weather conditions data (Table 
2.2) such as precipitation, maximum and minimum temperature, as well as growing 




2.2.2 Harvest and ensiling procedures 
 
The first cut of alfalfa was mowed during late bud stage of maturity and wilted 
to 400  8.4 g/kg dry matter (DM). The third cut was mowed at a late vegetative stage 
of maturity and wilted to 395.0  13.2 g/kg DM. In both cuts, this study targeted the 
specified DM content to minimize the risk of clostridial fermentation typical of alfalfa 
silage harvested to less than 300 g/kg DM (Kung et al., 2010). The forage was chopped 
to a theoretical length of cut of 12.7 mm in both cuts. Immediately after harvest, the 
forage was transported to a research facility for treatment applications and preparation 
of the experimental silos. In both cuts, four treatments and a control were used. Each of 
the treatments was diluted in 200 mL of untreated tap water and sprayed onto the 
forage while mixing thoroughly until the treatment was completely applied to the 
forage. For both cuts, 7.5-L plastic pails were used as laboratory-scale silos. For the 
first cut silos, 4.3 kg of treated forage were packed into each laboratory-scale silo to 
achieve a density of 227.1 kg DM m3. While in the third cut silos, 4.9 kg of treated 
forage were packed in each laboratory-scale silo to achieve a density of 258.9 kg DM 
m3. Immediately after packing, laboratory-scale silos were sealed with their respective 
plastic lids, weighed and then transported to a temperature-controlled room set at 25°C 
for storage during 40 and 120 d of ensiling. 
2.2.3 Treatments and experimental design 
 
The experiment for both cuts was performed in a completely randomized design 
with five treatments, six replicates (laboratory-scale silos) per treatment, and two 
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ensiling times (40 and 120 d). Four treatments and a control were used for this study. 
The treatments were as follows: 1) a mixture of cellulase and xylanase (CELL+XYL) at 
a dosage of 1.45×10-1 IU g fresh forage for cellulase and 1.09×10-1 IU g fresh forage for 
xylanase (1:1), 2) xylanase (XYL) at 1.45×10-1 IU g fresh forage, 3) ß-glucanase 
(GLUC) at 4.50×10-1 IU g fresh forage, 4) a mixture of ß-glucanase and xylanase 
(GLUC+XYL) at 4.50×10-1 IU g fresh forage for ß-glucanase and 1.45×10-1 IU g fresh 
forage for xylanase (1:1), and 5) control (CON) which consisted only in 200 mL of 
untreated tap water (no enzyme). The enzymes were obtained following extraction and 
purification from Trichoderma reseei (cellulase), Trichoderma koningiiaggr (xylanase), 
and Aspergillus tubingensis (ß-glucanase). Each laboratory-scale silo was considered as 
the experimental unit for sampling and chemical analyses.  
2.2.4 Sampling and chemical analyses 
 
Laboratory-scale silos were weighed and opened after each of the storage 
periods (40 and 120 d of ensiling). Before sample collection, the silage was removed 
from the laboratory scale silos and placed into a bigger plastic container where the 
silage was mixed thoroughly prior to immediate sample collection. Dry matter recovery 
(DMR) of each experimental silo was calculated by the difference between the initial 
and final DM weight of the forage at each storage period. DM content for each silo was 
determined by drying a 200-g subsample at 55°C in a forced-air oven for 48 h or until 
constant weight was achieved. Dried samples were ground in a Wiley mill (Arthur H. 
Thomas, Philadelphia, PA) using a 1-mm screen. Fiber analyses were performed using 
the 1-mm ground sample. The aNDF analysis was conducted according to the AOAC 
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method with the inclusion of heat-tolerant amylase (4 mL) and sodium sulfite (20 g) 
(Mertens, 2002). ADF and ADL (acid detergent lignin) content was determined 
according to the AOAC method 973.18. Both procedures were modified for use of the 
ANKOM filter bag technique (Holden 1999). Analytical DM for correction of the 
results of chemical analysis to a DM basis was determined by drying the ground 
samples at 105 °C for 12 h followed by weighing. The procedures for aNDF, ADF and 
ADL were conducted sequentially and only values of aNDF are expressed on an ash-
exclusive organic matter (om) basis. Ash concentration was determined by complete 
combustion in a muffle furnace at 550 °C for 5 h (AOAC, method 942.05). Cellulose 
and hemicellulose content was calculated by subtraction (cellulose: ADF - ADL, 
hemicellulose: NDF – ADF; Yahaya et al., 2001). Additionally, ground samples were 
submitted to Cumberland Valley Analytical Services Inc. (Hagerstown, MD) for 
analyses of water soluble carbohydrates (WSC), crude protein (CP), and uNDF (30, 
120, and 240 h). WSC concentration was determined by the methodology described by 
Hall (2014), CP was determined according to the AOAC method 990.03, and the 
measures of uNDF as a % of NDFom (30, 120, and 240 h) were predicted by NIRS.  
2.2.5 Fermentation analyses 
 
Samples from fermented alfalfa were collected from each laboratory silo at each 
storage time (40 and 120 d) for fermentation profile analyses. Fermented samples were 
submitted to Cumberland Valley Analytical Services Inc. (Hagerstown, MD) for 
determination of total volatile fatty acids (VFA), acetic acid, butyric acid, propionic 
acid, lactic acid, pH, titratable acidity and ammonia-N. Prior to analyses, the fermented 
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feed sample was mixed and 25 g from wet sample were taken and diluted with 200 mL 
deionized water. This mixture was incubated overnight and blended for 2 min and then 
filtered through coarse filter paper (20-25 µm particle retention). The extract obtained 
by filtering was used to perform the following fermentation profile analyses. Acetic, 
propionic and butyric acids were analyzed from 3 mL of the extract filtered through a 
0.2 µm filter membrane. A 1.0 µL sub-sample was then injected into a Perkin Elmer 
Auto System gas chromatograph (Perkin Elmer, Shelton, USA) using a Restek column 
packed with Stabilwax-DA. To determine the L-lactic acid concentration a mixture in a 
1:1 ratio of the filtered extract:deionized water was introduced to a YSI 2700 Select 
Biochemistry Analyzer (YSI, Inc., Yellow Springs, USA). For ammonia analyses, 25 
mL of the extract was mixed with 75 mL deionized water. This mixture was introduced 
into a Labconco Rapidstill analyzer II (model 65200; Labconco, Kansas City, USA) for 
further titration with 0.1 N HCl to determine ammonia-N. To determine pH and 
titratable acidity, 30 mL of the extract were analyzed into a Mettler DL12 Titrator 
(Mettler-Toledo, Inc., Colombus, USA), the pH was read and then the sample was 
titrated with 0.1N NaOH to a pH of 6.5. 
2.2.6 In vitro digestibility 
 
A recently developed in vitro assay was used to estimate the indigestible NDF 
remaining (uNDFom; Cotanch et al., 2013) after pre-selected incubation lengths. This 
assay was used as an exploratory assessment to understand how alfalfa silage treated 
with fibrolytic enzymes could potentially influence fiber digestibility under in vitro 
rumen conditions at early incubation time points (6, 12 and 24 h) utilizing the Tilley 
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and Terry (1963) technique as modified by Goering and Van Soest (1970). This 
experiment included only the CELL+XYL, XYL, and CON treatments. The criteria for 
selection of treatments was based on their volatile fatty acid profile at 40 and 120 d of 
ensiling from both maturity levels. The treatments with the highest lactic and acetic 
acid, total VFA and WSC concentration were selected. Additionally, only three of the 
original six replicates were selected for in vitro analyses (replicates 1, 4 and 6). The 
replicates were selected applying the same selection criteria used to select the 
treatments. To evaluate in vitro digestibility a 0.50-g dry subsample (1 mm) from each 
treatment was added to individual-sample glass flasks prior addition of rumen fluid. 
Rumen fluid was collected from two cannulated high-producing Holstein cows. On a 
daily basis, cows were consuming a diet of 11.75 kg DM corn silage, 3.40 kg DM 
grass-legume silage, 0.40 kg DM straw, 1 kg DM cottonseed and 12.70 kg DM of a 
concentrate mix for high-producing cows including 337 mg of monensin. After rumen 
fluid collection, the rumen inoculum was mixed and strained through four layers of 
cheesecloth. The temperature and pH of the rumen fluid were measured to be 35.4 °C 
and 6.0 respectively. Promptly after rumen fluid temperature and pH measurements, 
glass flasks containing the 1-mm ground sample were inoculated with 10 mL of rumen 
fluid. Mineral buffer (40 mL of “synthetic saliva” as outlined by McDougall, 1948) and 
2 mL of reducing agents (cysteine and sodium sulfide) were added to the glass flasks. 
All the individual flasks were incubated in the same water bath during 6, 12 and 24 h. 
For correction purposes at each incubation time point, two extra flasks containing a 
laboratory standard sample (1-mm corn silage) were added into the same water bath. At 
the designated incubation length, flasks were removed from the water bath and then 
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placed on ice to stop the fermentation. Flasks were then removed from ice and the 
fermented sample contained in each glass flask was mixed with 50 mL of neutral 
detergent (ND) solution. The mixed sample was then poured into a glass beaker 
containing 0.50 g of sodium sulfite and 1 mL of alpha-amylase was added to the glass 
beaker. All the individual-sample beakers were heated up until boiling for 60 minutes. 
After boiling, the samples were filtered using a glass fiber filter (1.5 µm). The filtered 
samples were oven-dried overnight for further weighing. After weighing, filters were 
placed into a muffle furnace at 550 °C for 5 h (AOAC, method 942.05) for aNDF ash 
correction, the results are reported as uNDF as a % of NDFom accompanied by its 
respective incubation time point 6, 12, or 24 h. 
2.2.7 Statistical analyses 
 
Data from forage quality analyses are presented on a DM basis, silage 
fermentation measures are presented on g/kg basis. The data were analyzed as a 
completely randomized design with five treatments and two storage periods (40 and 
120 d of ensiling) and both cuttings were analyzed separately using a one-way ANOVA 
to compare treatments by ensiling time. To assess the normality of the data a Shapiro-
Wilk test was performed. WSC, CP and lactic acid concentration required a square root 
transformation prior statistical analyses. After one-way ANOVA, Tukey-HSD test was 
performed for multiple comparison of the means and significance was set to an alpha 
level of P < 0.05. The statistical analyses were performed using JMP®, Version 13. 
SAS Institute Inc., Cary, NC. 
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2.3 Results and discussion 
Initial forage composition at early maturity and late maturity 
As expected, a difference in fiber composition between cuttings was observed in 
this study (Table 2.1). However, the mean ADL (lignin) content was similar in both 
cuts. At early maturity, ADL content was 7.08  0.31 % of DM, while at late maturity 
ADL content was 7.06  0.50 % of DM, hence the lignin concentrations were not 
considered as a potential source of variation in treatment response. Conversely, the 
mean WSC content at both cuttings was different. At early maturity, WSC content was 
of 5.65  0.76 % DM whereas at late maturity the WSC content was 8.58  0.73 % DM 
(Table 2.1). These differences could be attributed to the wilting time in the field since 
the late maturity alfalfa during the first cut was harvested after a shorter wilting period 
due to more favorable weather conditions than the early maturity alfalfa at the third cut. 
According to Coblentz et al. (2012), a prolonged wilting time expends more WSC 
content. However, according to Pitt (1990), optimal alfalfa ensiling occurs when WSC 
content of alfalfa at harvest for ensiling ranges from 4-15 % DM when wilted between 
30 to 50 % of DM, indicating that in both cuttings the WSC content was adequate to 
ferment the alfalfa used in this study. 
Effect of fibrolytic enzymes on fiber composition on alfalfa silage harvested at 
early maturity and stored for 40 and 120 days of ensiling 
Overall, this study did not observe any differences in most of the fiber-related 
variables (Table 2.3) in alfalfa treated with fibrolytic enzymes harvested at early 
maturity and stored during 40 or 120 d of ensiling. The only noticeable change in fiber 
composition was observed at 40 d of ensiling, where ADL (P <0.001) was highest in 
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the CON silages (8.05 % DM) concentration across treatments. These findings agree 
with Guo et al. (2014), who reported that the application of fibrolytic enzymes reduced 
the ADL concentration after 45 d of ensiling in a mixture of corn and barley silage. 
However, according to Tao et al. (2011), ADL cannot be degraded during ensiling, 
especially when there is no application of an enzyme capable of breaking the cross-
linkages between lignin and cellulose and hemicellulose. Changes in ADL during 
ensiling following the addition of fibrolytic enzymes in our study and other 
experiments in the literature (Guo et al., 2014) are not clear and need to be further 
studied.  
The WSC concentration was also different across treatments in forages ensiled 
for 40 d (Table 2.3), where silages treated with GLUC+XYL had a higher WSC 
concentration (2.60 % DM; P <0.001) in comparison with the other treatments. These 
findings might indicate that, when alfalfa is harvested at an early maturity stage, the 
more digestible structural carbohydrates from the cell wall-middle lamella such as ß-
glucans and galactans are more available for enzymatic hydrolysis at 40 d of ensiling 
(Hall, 2000). The use of fibrolytic enzyme treatments GLUC+XYL and GLUC, which 
target the neutral detergent soluble fiber (NDSF) of plant carbohydrates, might promote 
the cleaving of specific chemical bonds such as -1,4-glucose linkages resulting in a 
release of glucose and cellobiose from the middle lamella structure. Additionally, the 
combination of xylanase with ß-glucanase in a 1:1 ratio (GLUC+XYL) appears to 
create a synergistic effect yielding more WSC (2.60 % DM) when compared with ß-
glucanase used alone (2.05 % DM) at 40 d of ensiling. These findings are in agreement 
with Eun et al. (2007), who observed that the use of an endoglucanase in a mixture with 
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xylanase improved NDF degradability of alfalfa and corn silage in vitro, although the 
authors recommended a 0.4:1 ratio between the two enzymes based on their results and 
other studies performed by the same group in previous years, where a 1:1 ratio was not 
effective in increasing NDF degradability of alfalfa hay in vitro.  
At 120 d of ensiling, a higher WSC content (P <0.001) was observed in the 
silages treated with CELL+XYL (2.74 % DM) followed by the CON silages (2.60 % 
DM), whereas GLUC+XYL and GLUC treatments had the lowest values, at 1.84 % 
DM and 1.72 % DM respectively. Contrary to the 40-d fermented silages, the samples 
collected after 120 d of ensiling from the CELL+XYL and CON silages had a higher 
WSC concentration compared to the other treatments, suggesting that the more 
complex structural carbohydrates might be utilized later in the fermentation and the use 
of fibrolytic enzymes might increase the release of WSC at 120 d of ensiling.  
Effect of fibrolytic enzymes on fiber composition on alfalfa silage harvested at late 
maturity and stored for 40 and 120 days of ensiling 
Changes in ADF, aNDFom, cellulose, and WSC were observed in silages stored 
during 40 d of fermentation, the results are listed in Table 2.3. Surprisingly, the CON 
silages showed a significant decrease in ADF (P = 0.010) when compared to silages 
treated with fibrolytic enzymes. Similarly, NDF (P = 0.027) and cellulose (P = 0.013) 
concentrations were lower in the CON silages. Additionally, WSC yield was higher for 
the CON silages, (3.83 % DM, P = 0.006). At 120 d of ensiling, regardless of the 
fibrolytic enzyme treatment, no changes in fiber composition were observed in alfalfa 
silages harvested at late maturity (Table 2.3). However, silos at 120 d of ensiling 
differed in WSC (P < 0.001) concentration, where the CELL+XYL treatment had the 
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highest concentrations of WSC (3.07 % DM), followed by the CON silages (2.71 % 
DM) and the XYL-treated silages (2.26 % DM). Our findings for WSC at 40 and 120 d 
of ensiling concur with other reports (Dean et al., 2005; Colombato et al., 2003; 
Thomas et al., 2013), where the addition of fibrolytic enzymes to forages increased the 
WSC supply during ensiling. Our results indicated that fibrolytic enzyme treatments 
applied at late maturity and stored for 40 and 120 d of ensiling had a biologically 
significant response in fiber degradation during ensiling. When alfalfa was harvested at 
late maturity and ensiled during 40 d, the effect of fibrolytic enzymes seems to be more 
appreciable. The latter suggests that the enzymes offer better results when the forage 
fiber concentrations are higher (NDF, ADF, cellulose and hemicellulose) as stated by 
Broderick et al. (1997). The previous statement supports the idea that the addition of 
fibrolytic enzymes are a viable option when trying to improve the nutritive value of low 
quality forages as discussed by Kung et al. (2003). 
Effect of fibrolytic enzymes on fermentation end-products on alfalfa silage 
harvested at early maturity and stored for 40 and 120 days of ensiling 
Fermentation end-products from alfalfa silages harvested at early maturity and 
stored for 40 and 120 d of ensiling are presented in Table 2.4. At 40 d of ensiling, total 
VFA production was greater (P = 0.007) for CELL+XYL (99.73 g/kg DM) and GLUC 
(98.28 g/kg DM) treated silages. Lactic acid was not affected by treatment. However, 
acetic acid was higher (P = 0.005) in CELL+XYL (38.73 g/kg DM) and GLUC (36.95 
g/kg DM) treated silages. A difference in pH (P = 0.032) was observed, where the 
lowest pH value was found in the CON (pH = 4.80) silages. The highest pH value was 
found in the XYL (pH = 4.87) treated silages.  A difference was observed in the lactic 
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to acetic ratio (P = <0.001) where the GLUC+XYL treated silages had the higher lactic 
to acetic ratio due to low concentrations of acetic acid. At 120 d of ensiling, there was a 
difference across treatments in total VFA (P = 0.050) production. The higher value was 
for the silages treated with XYL (134.18 g/kg DM) and the lowest value was for the 
CON (116.00 g/kg DM) silages. No other differences in fermentation end-products 
were found at 120 d of ensiling.  
Overall, when ensiling alfalfa at early maturity, the lactic acid concentration 
across all the treatments was on the lower end of the optimal range for fermented 
alfalfa silage (5-7 % DM), whereas the acetic acid concentration was on the high end of 
the optimal range for alfalfa silage (2-3 % DM) according to Kung (2010). Our findings 
at 40 d of ensiling agree with Nadeau et al. (2000) where the addition of cellulase 
tended to decrease acetic acid concentration of alfalfa silages to a level of 2.0 % DM. 
However, the observed values in acetic acid at 120 d of ensiling were higher than the 
proposed guidelines by Kung (2010). Higher acetic acid production in any silage 
indicates that fermentation was possibly restricted, which may also lead to the 
production of other VFA such as butyric acid or spoilage by yeast and molds. 
Metabolic activity of these spoilage microorganisms in the silo can contribute to 
generate heat which can be reflected in increased values of NH3 indicating a higher 
protein breakdown during fermentation (Foskolos et al., 2016). The ammonia-N as a % 
of CP concentrations found in the silages from early maturity alfalfa stored for 120 d 
(Table 2.4) suggest a possible restricted fermentation since the CON and fibrolytic 
enzyme treated silages exceed the guidelines recommended by Kung (2010) where the 
amount of ammonia-N should vary between 10 and 15 as % of CP in legume silages 
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harvested between 30 and 40 % DM. These detrimental effects are also reflected in the 
DM losses presented as percentage of dry matter recovery (DMR) in Table 2.3. 
Effect of fibrolytic enzymes on fermentation end-products on alfalfa silage 
harvested at late maturity and stored for 40 and 120 days of ensiling 
Fermentation end-products from alfalfa silages harvested at late maturity and 
stored for 40 and 120 d of ensiling are presented in Table 2.4. At 40 d of ensiling, a 
difference (P <0.001) in acetic acid concentration was observed where the treated 
silages with CELL+XYL had the highest concentrations in acetic acid (49.00 g/kg 
DM). Additionally, a difference (P = 0.005) was observed in lactic acid concentrations 
where the CELL+XYL and the CON treated silages showed the same highest (67.33 
g/kg DM) concentrations in lactic acid whereas the GLUC treated silages had the 
lowest concentrations (60.17 g/kg DM). Total VFA was higher (P <0.001) for the 
CELL+XYL when compared to the other treatments. Ammonia-N concentrations were 
lower (P = 0.019) for the GLUC (11.85 % CP) treated silages and higher for the XYL 
(13.37 % CP) treated silages. However, all the silages fall within the previously 
mentioned guidelines proposed by Kung (2010).  
At 120 d of fermentation (Table 2.4), alfalfa silages treated with CELL+XYL 
and XYL showed a higher (P = 0.011) concentration in acetic acid (CELL+XYL = 
54.50 g/kg DM, XYL = 53.51 g/kg DM), whereas the GLUC+XYL treated silages had 
the lowest concentration (32.65 g/kg). Additionally, total VFA was higher (P = 0.005) 
for the CELL+XYL and XYL treated silages, whereas the GLUC+XYL silages had the 
lowest total VFA values (94.65 g/kg). The lowest pH values (P = 0.014) were observed 
in the silages treated with CELL+XYL (pH = 4.52), whereas the GLUC treated silages 
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had the highest pH values (pH = 4.65). Similar to the alfalfa silages harvested at early 
maturity and ensiled for 120 d of ensiling, the silages from the alfalfa harvested at late 
maturity and stored at 120 d of ensiling fall in the high-end concentration in ammonia-
N % CP of the recommendations proposed by Kung (2010). The latter findings 
corroborated our hypothesis that some proteolysis occurred in the alfalfa silages stored 
for a longer period (120 d) under the current study conditions regardless of maturity 
stage of the plant.  
Assessment of in vitro digestibility at early incubation time points (uNDF) of 
alfalfa harvested at two maturity stages and treated with fibrolytic enzymes  
The data of the in vitro digestibility experiment are presented in Table 2.5 and 
values are expressed as uNDF as a % of NDFom. Neither CON, XYL or CELL+XYL 
treated silages from alfalfa harvested at early maturity and ensiled for 40 and 120 d of 
ensiling showed any difference in uNDF %NDFom after 6, 12 or 24 h of in vitro 
incubation. However, the CELL+XYL treated silages from alfalfa harvested at late 
maturity stored during 40 d of ensiling showed a difference in uNDF as a % of NDFom 
at 24 h of in vitro incubation (P = 0.017) with a value of 53.46 uNDF %NDFom 
whereas the CON silages had the highest values (59.91 uNDF as a % of NDFom). 
Silages stored for 120 d from alfalfa harvested at late maturity did not show a 
difference in uNDF as a % of NDFom in any of the incubation time points (6, 12 ,24 h). 
Our results agree with Eun et al. (2007) where addition of mixtures of endoglucanases 
and xylanases to alfalfa hay showed an increase in fiber digestibility and increased gas 
production under in vitro fermentation conditions at 24 h of incubation. Interestingly, 
the late maturity silages stored during 40 d were the only set of silages showing 
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changes in fiber composition in this study, possibly due to a higher enzymatic activity 
at that time of ensiling (Table 2.3). In fact, CELL+XYL was one of the treatments with 
the lowest concentrations in ADF (35.86 % DM) and NDF (42.00 % DM) and the 
highest values in WSC (3.35 % DM), corroborating our hypothesis that fiber 
degradation during ensiling is reflected in WSC concentration and these changes during 
ensiling can improve fiber digestibility. However, not all the results in this study 
followed the same trend and more research is needed to replicate the effects of 
CELL+XYL treated silages on fiber degradation during ensiling and fiber digestibility 
under in vitro conditions. 
Assessment of NIRS digestibility (uNDF-30, 120 and 240 hours) of alfalfa 
harvested at two maturity stages and treated with fibrolytic enzymes 
Digestibility data predicted by NIRS are presented in Table 2.6, the data are 
expressed as uNDF as a % of NDFom. At early maturity, no significant differences 
were found neither at 40 or 120 d of ensiling for the silages treated with fibrolytic 
enzymes under the current experimental conditions of this study. At late maturity, CON 
silages stored during 40 d of ensiling showed a difference (P <0.001) in uNDF as a % 
of NDFom at 120 h and at 240 h (P <0.001). According to the NIRS predictions, CON 
were the silages with the higher digestibility across all the treatments. Similarly, at 120 
d of ensiling the same pattern was found in uNDF as a % of NDFom at 120 h (P 
<0.001) and at 240 h (P <0.001) where the CON silages were the most digestible 
silages under those conditions of maturity and length of storage. More research is 
needed to understand the effects on uNDF on untreated alfalfa silages. However, based 
on the results presented in Chapter 3, on a study looking at the effects of microbial 
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inoculants on silage digestibility, the improvements in uNDF in the CON silages might 
be attributed to the dominant epiphytic bacteria present in those untreated silages. 
2.4 Conclusion 
 
Overall, alfalfa silage harvested at early maturity treated with fibrolytic 
enzymes did not showed important improvements on fiber degradation, fermentation 
characteristics and fiber digestibility after 40 or 120 d of ensiling. However, when 
alfalfa was harvested at late maturity and ensiled during 40 d, improvements in fiber 
degradation during ensiling were observed in the silages treated with CELL+XYL, 
XYL and GLUC+XYL, suggesting that application of fibrolytic enzymes was more 
effective in forages with lower nutritive value. Changes in fiber during silage 
fermentation increased the digestibility in vitro at 24 h for the silages treated with 
CELL+XYL. Additionally, the untreated silages in this study showed improvements in 
fiber degradation, release of WSC and NDF digestibility. These findings suggest that 
the activity of epiphytic microorganisms play an important role during silage 
fermentation and more research is needed to identify epiphytic microorganisms capable 
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Forage quality parameters 1 Mean and standard deviation 
DM (%) 40.00  0.84 39.50  1.32 
ADF 2  31.85  1.96 29.77  1.12 
ADL  7.06  0.50 7.08  0.31 
aNDFom  40.37  2.89 37.49  2.14 
Cellulose  24.79  1.57 22.69  1.12 
Hemicellulose  8.53  2.11 7.72  1.79 
Crude protein  20.79  0.80 23.92  0.74 
ESC  5.14  0.69 5.01  0.72 
WSC 8.58  0.73 5.65  0.76 
1Values expressed as % of DM (n=30) 
2 ADF: acid detergent fiber, ADL: acid detergent lignin, aNDFom: neutral detergent fiber ash corrected, 
ESC: ethanol soluble carbohydrates, WSC: water soluble carbohydrates  
Table 2.2 Weather conditions prior and during cuttings of alfalfa field. 
  Temperature °C 1   
Date Event Min Max Average GDD 2, 3 
Precipitation 2 
(mm) 
       
15-June 1st cut 15 27 21 431.3 4 55.11 
9-July 2nd cut 17 19 18 881.3 67.05 
2-August 3rd cut 13 27 20 1351.8 80.26 
1 Temperature values of the previous 24 hours. 
2 Accumulated values from previous harvest, alfalfa regrowth. 
3 Growing degree days base 10 °C. 
4 1st cut GDD calculated from the previous 30-day period, that corresponds to alfalfa regrowth. 
























          
          
          
          
          
          
          
 
          
          
          
          
          
          




          
          
          
          
          
          
          
 
          
          
          
          
          
          
          
 
 


























Early maturity  
(late vegetative) 
40 
Control 40.30 90.93 30.98  36.91  8.05  a a 22.92   5.93   1.39  b 24.25   
Cellulase+Xylanase 39.50 90.20   29.80  36.79  7.12  b 22.67   6.99   1.57  b 24.40   
Xylanase 39.31 89.57  31.00  36.53  7.44  b 23.56   5.53   1.98  ab 23.81   
ß-glucanase 40.31 90.93  30.60  36.95 7.16  b 23.43   6.34   2.05  ab 24.11   
ß-glucanase+Xylanase 39.68 89.90   30.86   36.01 7.51  b 23.35   5.14   2.60  a 24.03   
SEM 0.482 0.960 0.478 0.522 0.130 0.450 0.636 0.063 0.029 
P-value 0.471 0.786 0.380 0.695 <0.001 0.603 0.305 <0.001 0.6893 
120 
Control 38.20   83.87   31.55   37.60  7.32   24.22   6.05   2.60  ab 25.05   
Cellulase+Xylanase 37.11   83.59   30.65   36.70  6.97   23.68   6.04   2.74  a 25.80   
Xylanase 37.08   83.73   31.31   36.81   7.07   24.23   5.50   2.16  bc 25.31   
ß-glucanase 37.64   82.95   31.77   38.44   7.21   24.56   6.67   1.72  c 25.18   
ß-glucanase+Xylanase 37.30   83.69   31.72   38.34   7.35   24.36   6.62   1.84  c 25.40   
SEM 0.434 0.499 0.548 0.606 0.138 0.530 0.436 0.134 0.267 




Control 37.93   92.60   34.87  b 41.07  b 7.45  27.41  b 6.21  3.83 a 20.47   
Cellulase+Xylanase 37.25   92.99   35.86  ab 42.00  ab 7.37   28.48  ab 6.14   3.35  ab 20.12   
Xylanase 37.19   91.50   35.61  ab 41.58  ab 7.18   28.43  ab 5.97   2.98  b 20.47   
ß-glucanase 36.91   92.32   37.21  a 43.47  a 7.52   29.69  a 6.27   2.90  b 20.18   
ß-glucanase+Xylanase 37.32   91.77   36.26  ab 41.92  ab 7.51   28.75  ab 5.66   2.92  b 20.10   
SEM 0.253 0.787 0.423 0.494 0.107 0.410 0.567 0.183 0.189 
P-value 0.101 0.669 0.010 0.027 0.188 0.013 0.944 0.006 0.447 
120 
Control 38.64  93.93   31.62   38.35   7.00   24.63  6.72   2.71  a 20.85   
Cellulase+Xylanase 37.98   94.48   32.28   38.65   7.32   24.96   6.36   3.07  a 20.67   
Xylanase 37.36   91.83   33.15   40.11   7.32   25.83   6.96   2.26  a 20.60   
ß-glucanase 37.32   92.56   34.13   40.33   7.44   26.69   6.19   1.22  b 20.67   
ß-glucanase+Xylanase 38.63   94.80   33.06   40.08   7.24   25.82   7.02   1.14  b 20.48   
SEM 0.348 1.212 0.637 0.765 0.173 0.539 0.534 0.236 0.213 
P-value 0.202 0.376 0.096 0.240 0.474 0.089 0.759 <0.001 0.813 
a Treatments with different letters within column within days of ensiling and maturity are significantly different according to a Tukey HSD multiple 
comparison test at an alpha of 0.05. 




 Table 2.4 Effect of fibrolytic enzymes on the fermentation characteristics of alfalfa silage harvested at two maturity stages and 


















Control 59.17 33.32  ab a 1.61 b 92.48  ab 14.52 4.80  b 
Cellulase+Xylanase 61.00 38.73  a 1.58 b 99.73  a 14.67 4.81  ab 
Xylanase 61.33 34.40  ab 1.61 b 95.73  ab 16.04 4.87  a 
ß-glucanase 61.33 36.95  a 1.68 b 98.28  a 15.51 4.85  ab 
ß-glucanase+Xylanase 57.50 25.68  b 2.30 a 83.18  b 14.48 4.86  ab 
SEM 0.021 3.035 0.125 3.102 1.011 0.017 
P-value 0.057 0.005 <0.001 0.007 0.079 0.032 
120 
Control 60.60 55.33 1.22 116.00  b 17.10 4.73 
Cellulase+Xylanase 54.83 75.08 0.79 129.92  ab 16.01 4.68 
Xylanase 64.83 69.35 0.96 134.18  a 16.77 4.75 
ß-glucanase 57.00 67.43 0.96 124.43  ab 16.63 4.77 
ß-glucanase+Xylanase 63.50 59.99 1.07 123.48  ab 16.29 4.75 
SEM 5.635 6.543 0.151 4.606 1.033 0.044 








 Late maturity 
(late bud) 
        
Cellulase+Xylanase 67.33  a 49.00  a 1.38 b 116.33  a        12.29  ab 4.59 
Xylanase 65.67  ab 35.10  b 1.89 a 100.77  b      13.37  a 4.64 
ß-glucanase 60.17  b 37.30  b 1.61 ab   97.47  b      11.85  b 4.64 
ß-glucanase+Xylanase 65.50  ab 39.70  b 1.65 ab 105.20  b        12.20  ab 4.60 
SEM 1.343 1.812 0.084 2.308 0.698 0.020 
P-value 0.005 <0.001 0.003 <0.001 0.019 0.230 
120 
Control 59.33 47.27  ab 1.26 b 106.60  ab 13.77 4.62  ab 
Cellulase+Xylanase 62.67 54.50  a 1.21 b 117.17  a 14.77 4.52  b 
Xylanase 61.33 53.51  a 1.34 ab 114.85  a 15.20 4.62  ab 
ß-glucanase 61.33 38.33  ab 1.64 ab   99.67  ab 15.39 4.65  a 
ß-glucanase+Xylanase 62.00 32.65  b 1.94 a   94.65  b 14.12 4.63  b 
SEM 2.061 4.723 0.153 4.383 0.747 0.027 
P-value 0.830 0.011 0.014 0.005 0.210 0.014 
a Treatments with different letters within column within days of ensiling and maturity are significantly different according to a Tukey HSD multiple 
 comparison test at an alpha of 0.05. 







































Table 2.5 Effects of fibrolytic enzymes on in vitro digestibility uNDF %NDFom of alfalfa silages harvested at two maturity  
stages and stored for two ensiling periods. 








Control 41.22 80.75 67.64 58.70 
Xylanase 39.82 82.87 72.42 60.17 
Cellulase+Xylanase 40.12 77.08 67.03 57.94 
SEM 0.686 34.06 7.64 5.408 
P-value 0.375 0.510 0.102 0.527 
120 
Control 40.05 79.25 65.97 54.36 
Xylanase 40.40 80.19 69.51 54.36 
Cellulase+Xylanase 38.80 81.89 68.93 57.39 
SEM 0.398 22.43 20.28 6.29 




Control 43.14 76.00 62.47 59.91  a 
a 
Xylanase 41.31 76.22 63.16 56.57  ab 
Cellulase+Xylanase 42.14 73.31 60.83 53.46  b 
SEM 0.576 11.21 9.040 3.69 
P-value 0.159 0.531 0.645 0.017 
120 
Control 41.18 72.41 59.46 53.67 
Xylanase 41.65 72.00 64.08 53.61 
Cellulase+Xylanase 40.45 73.15 59.06 51.20 
SEM 0.609 6.111 30.63 8.24 
P-value 0.424 0.956 0.507 0.520 
a Treatments with different letters within column within days of ensiling and maturity are significantly different according to a  







3. CHAPTER 3: EFFECTS OF MICROBIAL INOCULANTS ON ALFALFA 




The effect of homofermentative and heterofermentative silage inoculants was 
examined on alfalfa silage fermentation, fiber degradation during ensiling and fiber 
digestibility. Alfalfa was harvested at 40% DM at late bud stage of maturity. The alfalfa 
was ensiled at two storage periods, 40 and 120 d using 7.5 L plastic pails as the 
experimental silos. Samples were analyzed before ensiling for the initial chemical 
composition of the forage. Samples were taken from the experimental silos at 40 and 
120 d of ensiling for fiber analyses, in vitro digestibility and near infrared reflectance 
spectroscopy (NIRS) digestibility as well as fermentation profile and enumeration of 
lactic acid bacteria. Lactobacillus sp. (HOM1) and Pediococcus sp. (HOM2) were the 
utilized homofermentative microbial inoculants. Additionally, another Lactobacillus sp. 
(HET1) and a different Lactobacillus sp. (HET2) were the heterofermentative microbial 
inoculants used for this experiment, where HET1 was a single treatment, and the 
mixture of HET1 and HET2 was other treatment called COMBO. At 40 d of ensiling, 
homofermentative bacteria treated silages had the greatest dry matter recovery (HOM1 
= 94.58%, HOM2 = 95.30%) and the lowest ADF concentration observed at this 
ensiling time (HOM1 = 32.88 %DM, HOM2 = 32.92 %DM). Microbial counts were 
greater for heterofermentative bacteria treated silages (HET1 = 8.73 CFU g-1 FM, 
COMBO = 8.49 8.73 CFU g-1 FM). Lactic acid production was greater for HOM2 
treated silages (78.50 g/kg DM). HET1 treated silages where the least digestible silages 
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in uNDF predicted by NIRS at 30, 120 and 240 h. Homofermentative bacteria HOM2 
showed the highest concentrations in lactic acid (71.00 g/kg DM), whereas 
heterofermentative bacteria showed the highest acetic acid concentrations (HET1 = 
76.35 g/kg DM, COMBO = 65.36 g/kg DM). At 120 d of ensiling, homofermentative 
LAB showed the lowest ADF concentrations (HOM1 = 31.80 %DM, HOM2 = 32.05 
%DM) and the lowest NDF concentrations (HOM1 = 38.81 %DM, HOM2 = 38.51 
%DM). Fiber degradation promoted during ensiling, resulted in a differentiation in 
uNDF 30, 120 and 240 h depending upon homofermentative or heterofermentative 
bacteria inoculation. Silages treated with heterofermentative LAB were the least 
digestible silages, possibly due to their higher activity in the silo in a longer 
fermentation such as 120 d. Therefore, this study showed that silage inoculants exert an 
effect in forage digestion kinetics depending on the specific metabolism of the 
microbial inoculant used in the forage.  
3.1 Introduction 
 
Silage additives such as microbial inoculants have been widely used to improve 
silage nutritional value and fermentation characteristics (Muck and Kung 1997, Filya et 
al., 2007). Commercially available silage inoculants usually contain mixtures of 
homofermentative or heterofermentative lactic acid bacteria (LAB) and, in some of 
them, fibrolytic enzymes are often present (Kung 1998). Commercialized inoculants 
containing lactic acid microorganisms such as Lactobacillus plantarum, Pediococcus 
pentosaceus, Enterococcus faecium, Lactobacillus casei among others, are classified as 
first generation (homofermentative) inoculants. The main characteristic of 
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homofermentative species is that they can ferment 6-carbon sugars such as glucose and 
fructose to produce lactic acid alone (Muck, 2008). On the other hand, microorganisms 
such as Lactobacillus buchneri could be classified as second generation 
(heterofermentative) inoculants (Filya et al., 2007). The main characteristic of 
heterofermentative species is that they can not only produce lactic acid from the 
fermentation of 6-carbon sugars, but they also produce acetic acid via lactic acid 
fermentation (Muck 2008). The latter characteristic of heterofermentative species 
makes them an important management tool when trying to improve the bunk life 
(aerobic stability) of silages (Muck 2008). Although both types of inoculants take 
different approaches to control the fermentation in the silo, their principal goal is to 
preserve as much of the nutritive value of the crop (Filya et al., 2007).  Possible 
benefits of using silage inoculants are in relation to their effects on fiber degradation 
during ensiling, which can result in improvements on fiber digestibility when the 
inoculated silages are fed to livestock. Even though current knowledge of lactic acid 
bacteria has historically been thought to lack the mechanisms required for fiber 
degradation (Kung 2001), recent studies (Filya et al., 2007; Liu et al., 2016) have 
shown promising results indicating that some first and second generation LAB 
inoculants might be capable of inducing a partial degradation of structural 
carbohydrates such as cellulose and hemicellulose during silage fermentation. Filya et 
al. (2007) found positive effects of these LAB inoculants reflected in lower content of 
NDF (neutral detergent fiber) and ADF (acid detergent fiber) of inoculated silages. Liu 
et al. (2016) in turn found increases of in situ dry matter digestibility (DMD) for some 
of the inoculated silages. However, the specific mechanisms used by these LAB strains 
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to degrade fiber during ensiling are not clear and more in depth research is required to 
elucidate the specific interactions of these strains with forage fiber, their influence on 
fiber degradation during ensiling, and the potential use of these stains to improve fiber 
digestibility in livestock feeds.  
This experiment aimed to test single strains of commercially available 
homofermentative and heterofermentative silage inoculants and compare their effects 
on fermentation, fiber degradation and fiber digestibility in alfalfa silage harvested at 
late bud stage of maturity. Based on the specific metabolism of the strains used in this 
study, we expected a higher lactic acid production for those silages inoculated with an 
homofermentative strains and a higher acetic acid production for the silages inoculated 
with an heterofermentative strains. Additionally, we aimed to generate more data 
pertaining to the potential improvements on fiber degradation during ensiling and fiber 
digestibility as assessed by undigested-neutral detergent fiber (uNDFom) using in vitro 
techniques at early fermentation time points (6, 12 and 24 h) as well as by NIRS 
estimates at later stages of fermentation (30, 120 and 240 h) as a novel and practical 
approach to evaluate forage quality and to understand digestion kinetics in cattle 
(Cotanch et al. 2013). 
3.2 Materials and methods 
3.2.1 General field characteristics 
 
This experiment was performed by Lallemand Specialties Inc. during the 
summer of 2016 at the William H. Miner Agricultural Research Institute in Chazy, NY, 
USA (44° 53' N, 73° 27' W). The selected field was in its second year of alfalfa. The 
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alfalfa was harvested at the first cut in June 2016 at late bud maturity stage. In the 
spring of 2015, the field was planted with a mixture of alfalfa (Medicago sativa, 13.5 
kg per hectare), forage oats (Avena sativa, 3.5 kg per hectare), tall fescue (Festuca 
arundinacea, 4.5 kg per hectare), reed canary grass (Phalaris arundinacea, 4.5 kg per 
hectare) and perennial ryegrass (Lolium perenne, 4.5 kg per hectare).  
Two days before harvest, five representative samples were collected to evaluate 
maturity stage, forage type proportions and botanical composition using the Mean 
Stage by Count methodology outlined by Fick and Mueller (1989). The samples were 
collected randomly across the field by hand clipping (5 cm above the soil) of all the 
forage present in a 50×50 cm metal frame. The samples were collected in plastic bags 
and weighed for further hand separation of alfalfa and grass stems to determine field 
proportions and botanical composition. Forty alfalfa stems from each of the five 
samples were used to determine the maturity of the field according to the scale outlined 
by Fick and Mueller (1989). Forage proportions (mean  SD) of the field were 86.06  
6.54 % alfalfa and 13.66  7.38 % grass (as fed basis). The maturity of the alfalfa field 
(late bud) agreed with the Mean Stage by Count methodology and with the guidelines 
proposed by Bosworth and Stringer (1985). The chemical composition of the fresh 
forage before ensiling is detailed in Table 3.1. Weather condition data were recorded 
during the spring regrowth one month prior harvest in June 15 of 2016 using a weather 
station located at less than 500 m of the experimental field, and included precipitation 
(55.11 mm), maximum (27°C), minimum (15°C) and average (21°C) temperature and 




3.2.2 Harvest and ensiling procedures 
 
The field was mowed during the late bud stage of maturity and it was wilted to 
400.0  8.4 g/kg dry matter (DM) to minimize the risk of clostridial fermentation 
typical of alfalfa silage harvested to less than 300 g/kg DM (Kung et al., 2010). The 
forage was chopped to a theoretical length of cut (TLC) of 12.7 mm. After harvest, the 
forage was immediately carried to a research facility for treatment application and 
preparation of the experimental silos. Four treatments and a control treatment were 
used for this experiment. Each of the treatments was diluted in 200 mL of untreated tap 
water and sprayed onto 4.3 kg of fresh forage while mixing thoroughly until the 
treatment was completely applied to the forage. Immediately after treatment 
application, the 4.3 kg of treated forage were packed into 7.5 L laboratory-scale silos 
(plastic pails) to achieve a density of 227.1 kg m3. Promptly after packing, laboratory-
scale silos were sealed with their respective plastic lids, weighed and then transported 
to a temperature controlled room set at 25°C for storage.  
3.2.3 Experimental design 
 
The experiment was conducted in a completely randomize design with five 
treatments, and two-storage periods (ensiling time), with six replicates (laboratory-scale 
silos) per treatment. The first storage period was set at 40 d of fermentation and the 
second at 120 d of fermentation. Two of the treatments were inoculated with the 
homofermentative strains, Lactobacillus sp. (HOM1), at 4×105 CFU per g of fresh 
forage, and Pediococcus sp. (HOM2), at 4×105 CFU per g of fresh forage. The 
 78 
following two treatments were inoculated with the heterofermentative strains: 
Lactobacillus sp. (HET1) at 4×105 CFU per g of fresh forage, and a mixture of the 
Lactobacillus sp. (HET1) strain and Lactobacillus sp. (HET2) at a dosage of 2×105 
CFU per g of fresh forage each (COMBO).  The last treatment was identified as 
control (CON). To mimic the inoculation, the control treatment was only sprayed with 
untreated tap water. In total, 60-laboratory scale silos were used in this study. Each 
laboratory-scale silo was considered as an experimental unit for sampling and chemical 
analyses.  
3.2.4 Sampling and chemical analyses 
 
After each of the storage periods (either 40 or 120 d), six silos per inoculant 
treatment were weighed and opened. The silage was then removed from the plastic pail 
and placed into a bigger plastic container where the silage was mixed thoroughly prior 
to immediate collection of samples. Dry matter recovery (DMR) was calculated by the 
difference between the initial and final DM weight of the forage at each storage period. 
The DM percent of each laboratory silo was determined by drying a 200 g subsample at 
55°C for 48 h in a forced-air oven. The dry samples were ground through a 1-mm 
screen using a Wiley mill (Arthur H. Thomas, Philadelphia, PA). Ground samples were 
used to determine neutral detergent fiber (aNDF), acid detergent fiber (ADF) and acid 
detergent lignin ADL. Cellulose and hemicellulose content were calculated by 
subtraction (cellulose: ADF - ADL, hemicellulose: NDF - ADF, Yahaya et al., 2001). 
Analytical DM for correction of the results of chemical analysis to a DM basis was 
determined by drying the ground samples at 105 °C for 12 h followed by weighing. The 
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aNDF analysis was conducted according to the AOAC method by Mertens, 2002 with 
the inclusion of heat-tolerant amylase (4 mL) and sodium sulfite (20 g). ADF and ADL 
was determined according to the AOAC method 973.18. Both procedures were 
modified for use of the ANKOM filter bag technique (Holden 1999).  The procedures 
were conducted sequentially and only values of NDF were expressed on an ash-
inclusive basis (om - organic matter). Ash concentration was determined by complete 
combustion in a muffle furnace at 550 °C for 5 h (AOAC, method 942.05). Water 
soluble carbohydrates (WSCs), crude protein (CP), uNDF %NDFom (30, 120 and 240 
h) values were obtained by submitting ground subsamples to Cumberland Valley 
Analytical Services Inc. (Hagerstown, MD), where WSCs were determined by the 
methodology described by Hall (2014), CP was determined according to the AOAC 
method 990.03 and the measures of uNDF %NDFom (30, 120 and 240 h) were 
estimated by NIRS. The NIRS uNDF %NDFom data was used to predict the 
digestibility of the alfalfa silages in a 3-pool model of digestion kinetics (fast, slow and 
undigestible pool) developed by Raffrenato and Van Amburgh (2010).  
3.2.5 Fermentation analyses 
 
Subsamples were collected at each storage time (40 and 120 d) for fermentation 
profile analyses. These subsamples were submitted to Cumberland Valley Analytical 
Services Inc. (Hagerstown, MD) to assess total volatile fatty acids (VFA), acetic acid, 
butyric acid, propionic acid, lactic acid, ammonia-N concentration, pH and titratable 
acidity. Prior to analyses, the fermented feed sample was mixed and 25 g of sample was 
diluted with 200 mL deionized water. The sample mixture was incubated overnight, 
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then the mixture was blended for two minutes and filtered through coarse (20-25 µm 
particle retention) filter paper. The extract was used to determine sample pH and 
titratable acidity, where 30 mL of extract was used to determine the pH and perform 
sample titration with 0.1N NaOH to a pH of 6.5 using introduced to a Mettler DL12 
Titrator (Mettler-Toledo, Inc., Colombus, USA). Ammonia-N analyses were performed 
using a Labconco Rapidstill II model 65200 analyzer (Labconco, Kansas City, USA), 
where 25 mL of extract was mixed with 75 mL deionized water prior to titration with 
0.1 N HCl. Acetic, propionic and butyric acid concentrations of the extract (3mL) were 
determined after filtration of the sample through a 0.2 µm filter membrane and 
injection of a 1.0 µL sub-sample into a Perkin Elmer Auto System gas chromatograph 
(Perkin Elmer, Shelton, USA) using a Restek column packed with Stabilwax-DA. The 
lactic acid concentration was determined by addition of 1:1 ratio of extract: deionized 
water into a YSI 2700 Select Biochemistry Analyzer (YSI, Inc., Yellow Springs, USA). 
3.2.6 In vitro digestibility 
 
In vitro digestibility was assessed by uNDFom at 6, 12 and 24 h of incubation. 
The uNDFom content was determined on oven-dried ground (1 mm) samples using the 
Tilley and Terry (1963) technique as modified by Goering and Van Soest (1970). For 
this experiment, the uNDF digestibility in vitro assay was used as an exploratory 
assessment to understand how alfalfa silage treated with homofermentative or 
heterofermentative lactic acid bacteria inoculants could potentially influence fiber 
digestibility under in vitro rumen conditions at early incubation time points. Based on 
volatile fatty acid profile, WSC and fiber concentration results at 40 and 120 d ensiling 
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time, three from the four treatments and their respective control were selected for in 
vitro uNDF digestibility procedures (HOM1, HOM2, COMBO and CON). Only three 
of the six original replicates were used in this analysis based on the same selection 
criteria for treatment selection, the replicates selected were 1,5 and 6. Dried sample (0.5 
g) from each of the selected treatments was added to individual-sample glass flasks 
prior addition of rumen fluid. Rumen inoculum was obtained from two cannulated high 
producing Holstein cows fed the same diet. Cows were consuming on a daily basis a 
diet of 11.75 kg DM corn silage, 3.40 kg DM grass-legume silage, 0.40 kg DM straw, 1 
kg DM cottonseed and 12.70 kg DM of a concentrate mix for high producing cows 
including 337 mg of monensin. Rumen inoculum pooled from the two cows was 
strained through four layers of cheesecloth and then mixed. The rumen fluid was 
measured to be 36.4 °C and the pH was of 5.8. Glass-flasks were inoculated with 10 
mL of rumen fluid followed by an immediate addition of 40 mL of mineral buffer 
(“synthetic saliva”, McDougall, 1948) and 2 mL of reducing agents (cysteine and 
sodium sulfide). The individual flasks were incubated in a water bath during 6, 12, and 
24 h. Two extra flasks containing a laboratory standard (1 mm corn silage) sample were 
used for each incubation time point for correction purposes. The flasks were placed into 
the same water bath. At the designated incubation length, flasks were removed from the 
water bath and placed on ice to stop the fermentation. Once cooled, the flasks were 
removed from ice and then the fermented sample from each flask was mixed with 50 
mL of neutral detergent (ND) solution and then poured into a glass beaker containing 
0.50 g of sodium sulfite, after which 1 mL of alpha-amylase was added. Individual-
sample beakers were heated and boiled for 60 minutes. After boiling, the samples were 
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filtered using a glass fiber filter (1.5 µm). The filtered samples were oven-dried 
overnight for further weighing. After weighing, the filters were placed into a muffle 
furnace at 550 °C for 5 h (AOAC, method 942.05) for aNDF ash correction. The results 
are reported as uNDF %NDFom accompanied by its respective incubation time point 6, 
12, 24 h. 
3.2.7 Microbial counts 
 
Microbial counts for lactic acid bacteria were assessed by using the plate count 
technique with MRS agar (Downes and Ito, 2001). The plates were incubated at 30°C 
during 96 h for further microbial enumeration, and the results were reported as log CFU 
(colony forming units) per g of fresh silage. Sample preparation and complete 
methodology was performed as follows: 20 grams of forage or silage were added to a 
stomacher bag with 180 mL of peptone water (2.0 g Bacto-peptone, 5 g NaCl, 0.1 mL 
Tween 80 and 1000 mL of distilled water, pH was of 7.2). The samples were then 
mixed in a Stomacher for two periods of one minute. The bag was turned after the first 
minute. Serial dilutions were performed in 1/10 steps using pre-made tubes containing 
9 mL of peptone water. Each sample was plated using 3 plates per dilution. 100 µL 
were spread on each petri dish. Culture media for lactic acid bacteria was prepared 
using a mixture of 52 g Man Rogosa Sharpe (MRS; Oxoid LTD, England), 12 g of agar 
technical No.3 (Oxoid LTD, England) per liter and cycloheximide (100 µg per mL).  
3.2.8 Statistical analyses 
 
Data from forage quality analyses is presented on a DM basis, silage 
fermentation measures are presented on g/kg basis, for microbial counts the data was 
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transformed to log10 and is presented as log10 CFU g/kg of fresh forage. The data were 
analyzed as a completely randomized design with five treatments and two storage 
periods using a one-way ANOVA to compare treatments by ensiling time. To assess 
normality of the data, a Shapiro-Wilk test was performed. The WSC, CP and lactic acid 
concentration data required a square root transformation prior statistical analyses.  After 
one-way ANOVA, a Tukey-HSD test was performed for multiple-comparison of the 
means and significance was set to an alpha level of P < 0.05. For the data obtained by 
NIRS (uNDF %NDFom 30, 120 and 240 h), the P-value from Welch’s test was used as 
an alternative test since unequal variances were present. The statistical analyses were 




At 40 d of ensiling, differences were found in DM content, %DM recovery 
(DMR), ADF and WSC composition of silages (Table 3.2). DM was lower (P = 0.012) 
in the silages treated with HET1 (36.60 %), while silages treated with HOM1 had the 
highest DM content (38.25 %). DMR was different across treatments (P < 0.01), where 
silages treated with heterofermentative LAB had the lowest DMR and the opposite was 
observed with homofermentative LAB inoculants. HOM2 treated silages had the 
highest DMR (95.30 %). ADF content was different (P = 0.023) across treatments, 
where homofermentative LAB had the lowest values of ADF (HOM1, 32.88 % DM 
and HOM2, 32.92 % DM), and heterofermentative LAB as well as the CON silages 
had the highest values of ADF (HET1, 34.09 % DM, COMBO, 34.07 % DM, CON, 
34.86 % DM).  Despite these results, aNDFom, ADL, cellulose, and hemicellulose 
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were not affected by any of the treatments at 40 d of ensiling. However, differences 
were found in WSC content across treatments (P = 0.025), where HOM1 had the 
highest value of WSC, and COMBO had the lowest value. CON, HET1 and HOM2 
were not different across treatments in their WSC content. 
At 120 d of fermentation, changes in fiber composition of alfalfa silages were 
observed (ADF, aNDFom, ADL and cellulose). A similar pattern to the early opening 
was observed for ADF degradation after 120 d of fermentation. HOM1 and CON were 
different (P = 0.001) when compared to the other treatments. As in 40 d of 
fermentation, COMBO had the highest values of ADF at 120 d of fermentation.  NDF 
was lower (P = 0.001) for HOM1, HET1 and CON silages whereas, the 
heterofermentative LAB presented the highest values. Interestingly, ADL was lower (P 
= 0.012) in HOM1 and CON treatments whereas HET1 and COMBO had the highest 
ADL content. Cellulose was lower (P = 0.003) for HOM1 and CON silages whereas 
HET1, HOM2 and COMBO had the highest cellulose content. WSC content was 
different (P = 0.042) across treatments, where HOM1 silages had the higher 
concentrations and HET1 silages had the lowest concentrations. The changes in fiber 
composition across treatments are linked with the WSC content or its potential 
utilization by microbial inoculants followed by an accumulation of total VFA (Table 
3.3). 
Fermentation characteristics 
As expected, at 40 d of fermentation, heterofermentative LAB (HET1 and 
COMBO) promoted an acetic fermentation since they are capable to use the lactic acid 
to produce acetic acid (Table 3.3). On the other hand, homofermentative LAB such as 
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HOM2 produced the highest amount of lactic acid. However, HOM1 did not produce 
as much lactic acid as HOM2. Total VFA was different (P <.001) across treatments, 
where  had the lowest total VFA production and all the treatments were not different 
from each other. Ammonia-N was different (P <.001) across treatments. 
Homofermentative (HOM1, HOM2) bacteria-treated silages had the lowest 
concentrations of ammonia-N. Heterofermentative (HET1, COMBO) LAB-treated 
silages had the highest values of ammonia-N. Among treatments a difference (P <.001) 
was observed on pH, homofermentative LAB had the lowest pH values and 
heterofermentative LAB had the highest pH values. Lactic acid bacteria (LAB) 
populations (CFU g-1 FM) were different (P <.001) among treatments, CON, HOM1 
and HOM2 had the lowest microbial counts whereas COMBO and HET1 had the 
highest LAB counts. 
At 120 d, there was a difference (P <.001) in lactic acid production across 
treatments. HOM2 treated silages had the highest production of lactic acid whereas, 
HET1 and HOM1 had the lowest concentrations. Acetic acid was different (P <.001) 
across treatments, where HET1 produced the highest amount of acetic acid, and 
HOM1 produced the lowest concentrations. Total VFA was also different among 
treatments (P <.001). Heterofermentative LAB (HET1 and COMBO), produced the 
highest total VFA. On the other hand, HOM1 produced the lowest amount of total 
VFA. Ammonia-N was lower (P <.001) for the homofermentative LAB HET1 and 
HOM2 whereas the heterofermentative LAB (HET1 and COMBO) treated silages had 
the highest values of ammonia-N, the CON silages were in between to what was 
observed for homofermentative and heterofermentative LAB in ammnonia-N 
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concentrations. Similar to 40 d of ensiling, pH was different (P <.001) for the 
homofermentative LAB having the lowest values, and the heterofermentative LAB 
having the highest. As expected, lactic acid bacteria (LAB) populations (CFU g-1 FM) 
were different (P <.001) among treatments, HOM1 had the lowest microbial counts 
whereas COMBO and HOM2 had the highest LAB counts, CON and HET1 had mid-
values of CFU when compared to the other treatments.  
In vitro digestibility 
No significant differences were found in uNDF %NDFom after 6, 12 or 24 h of 
in vitro incubation for forages ensiled for 40 and the120 d of ensiling. The data of the in 
vitro digestibility is presented in Table 3.4.  
NIRS digestibility 
As an alternative to follow up the in vitro study, we decided to submit samples 
to a commercial laboratory (CVAS, Hagerstown, MD) to obtain uNDF %NDFom at 30, 
120 and 240 h to determine if the inoculation treatment exert an effect on these 
measures which are being used recently in our industry as an approach to understand 
digestion kinetics in cattle. The data obtained by NIRS is given in Table 3.5 and is 
expressed as uNDF %NDFom. At 40 d of ensiling, a difference was found (P = 0.001) 
in uNDF %NDFom at 30 h for the HOM2 and the HOM1 treated silages when 
compared to HET1, where HOM2 and HOM1 treated silages had the lowest uNDF 
%NDFom values (HOM2 = 48.08, HOM1 = 47.70 uNDF %NDFom). Additionally, a 
difference was found in uNDF %NDFom at 120 h (P <.001) where HET1 treated 
silages had the highest values (42.71 uNDF %NDFom) when compared to all the 
treatments which were equal among them. At 240 h uNDF %NDFom we observed the 
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same pattern where HET1 treated silages were different (P <.001) having the highest 
values (39.75 uNDF %NDFom) whereas there was no difference among the other 
treatments. The data at 40 d of ensiling is plotted in Figure 3.1.   
At 120 d of ensiling, a difference (P <.001) was found in uNDF %NDFom at 30 
h where the homofermentative LAB (HOM2 = 48.16 uNDF %NDFom and HOM1 = 
48.01 uNDF %NDFom) as well as the CON silages had the lowest values (CON = 
48.05 uNDF %NDFom) at 30 h when compared to the heterofermentative LAB (HET1 
and COMBO). Similarly, a difference was found at 120 h (P = 0.029) and 240 h (P = 
0.028) of uNDF %NDFom, following the same pattern found in uNDF %NDFOM at 
30 h where the homofermentative LAB (HOM2 and HOM1) and the CON were 
different than the heterofermentative LAB (HET1 and COMBO) for almost 5 % units 
of uNDF %NDFom being the homofermentative LAB and the control the most 
digestible silages when compared to the heterofermentative LAB. The data at 120 d of 
ensiling is plotted in Figure 3.2 for a better appreciation of the differences between 
homofermentative LAB (HOM2 and HOM1), control (CON) and heterofermentative 
LAB (HET1 and COMBO).  
The statistical means of the uNDF %NDFom at 30, 120 and 240 h results 
obtained by NIRS were used in a digestion kinetics 3-pool model proposed by 
Raffrenato and Van Amburgh (2010). The results are presented in Table 3.6. Similar to 
what the uNDF %NDFom data by NIRS indicated, the fast, slow and undigestible pools 
in this model changed in relation to the inoculation treatment at 40 and 120 d of 
ensiling. Homofermentative LAB (HOM2 and HOM1) and CON being the most 
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digestible silages whereas the heterofermentative LAB (HET1 and COMBO) silages 




At 40 or 120 d of fermentation, the VFA and lactic acid profiles from samples 
inoculated with either homofermentative or heterofermentative LAB were in agreement 
with the known main functions of these bacteria, where homofermentative bacteria-
inoculated silages produced more lactic acid and heterofermentative bacteria inoculated 
silages produced more acetic acid, ultimately shifting the lactic: acetic ratio of the 
silages. Furthermore, two interesting observations were made in this study related to 
fermentation characteristics. Firstly, HET1 treated silages produced almost the double 
amount of acetic acid at 120 d of ensiling compared to the concentration measured after 
40 d of ensiling, which might be indicative of shifts in the microbial population after a 
longer storage period, as observed by Zhou et al. (2016). However, in our study, these 
changes in production of acetic acid did not have as significant of an impact on the pH 
drop of these silages, possibly because acetic acid is a weaker acid compared to lactic 
acid. The second interesting observation was related to HOM1, which despite of its 
lower lactic and acetic acid production, was the treatment that helped to reduce alfalfa 
pH to the lowest levels observed in this study. These findings agree with Zielińska et al. 
(2015) who suggest that homofermentative LAB such as L. plantarum are better suited 
for alfalfa silage.  
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As we hypothesized, changes in fiber concentration were observed when alfalfa 
silages harvested at late bud were treated with LAB inoculants. Interestingly, at 40 and 
120 d of ensiling, differences in ADF content were observed. By definition, ADF 
encompases cellulose, lignin and silica. These fractions of the cell wall included in the 
calculation of ADF are moderately indigestible (Newman et al., 2009) and ADF has 
been used as a predictor of digestibility whereas NDF has been used as a predictor of 
forage intake (Newman et al., 2009). The reductions in ADF and NDF were observed 
mostly when alfalfa was inoculated with homofermentative LAB such as HOM1 and 
HOM2 suggesting that these bacterial inoculants promoted some cell wall hydrolysis 
during silage fermentation. Our results concur with Sheperd et al. (1995) where the 
addition of a mixture of LAB (L. plantarum, Pediococcus cerviseae) and fibrolytic 
enzymes (cellulase, amylase and pectinase) resulted in degradation of ADF and NDF 
during ensiling. On the other hand, other research, as that by Kung et al. (1991) did not 
observe any degradation of ADF or NDF in alfalfa silages treated with bacterial 
inoculants. Filya et al. (2007) examined the effects of 14 bacterial inoculants on the 
fermentation and nutritive value of alfalfa silos under laboratory conditions. This study 
also did not find any significant difference in the reduction of ADF by bacterial 
inoculants. However, it showed that in vitro dry matter digestibility (IVDMD) was 
negatively correlated to ADF. One of the inoculants tested in the study, the 
homofermentative inoculant E. faecium, showed consistent reductions of NDF. 
However, the benefits on IVDMD were not observed (Filya et al., 2007). In our study, 
the changes in WSC are linked to the changes in ADF when alfalfa was ensiled at 40 d. 
However, at 120 d of ensiling, HOM1-treated silages were the only silages with a 
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consistent relationship between ADF degradation and WSC content. However, the 
statistical analyses did not show a strong r2. These results agree with the results from 
Liu et al. (2016) where alfalfa inoculated with homofermentative LAB such as L. casei, 
L.  plantarum and Pediococcus pentosaceus showed improvements in WSC but these 
improvements were not necessarily correlated with fiber degradation. Furthermore, it is 
difficult to link those changes in ADF and WSC since the Lactobacillaceae are not 
known to have the enzymatic mechanisms to degrade cellulose or hemicellulose 
(Rooke and Hatfield, 2003).  
The in vitro digestibility data did not show significant differences in uNDF at 
early in vitro incubation time points. The experimental design of the in vitro analysis 
lacked statistical power due to space restrictions in the water bath. These space 
restrictions led to the removal of one of the treatments (HET1) as well as the removal 
of three of the six biological replicates from the original experimental design. However, 
beyond space restrictions, this design allowed to test most conditions with the same 
rumen fluid, allowing for an optimal comparison between treatments but more research 
is needed to narrow down some of the observed values during this in vitro experiment. 
Despite these limitations, the data was helpful to move forward to an alternative 
assessment of uNDF %NDFom obtained by the NIRS methodology.  
The alternative data obtained by NIRS yielded interesting information about the 
possible effects of bacterial inoculants on fiber digestibility at later time points (30, 120 
and 240 h), which could be helpful when trying to interpret the effects of microbial 
inoculation on digestion kinetics in cattle. Data obtained by NIRS has been described in 
the literature as a high-accuracy prediction for forage chemical composition (Park et al., 
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1998). At 40 d of ensiling, uNDF %NDFom was greater for HET1 treated silages at 30, 
120 and 240 h as estimated by NIRS, indicating that these silages were the least 
digestible silages when compared to all the other treatments at this ensiling time (40 d). 
Furthermore, at 120 d of ensiling, we observed a differentiation between silages treated 
with homofermentative LAB (HOM2 and HOM1) and the CON silages when 
compared to the silages treated with heterofermentative inoculants (HET1 and 
COMBO). These findings suggest that the fermentation in CON silages was possibly 
dominated with homofermentative LAB population in the ensiling times used in this 
study (40 and 120 d of ensiling), thus yielding similar results to the HOM2 and HOM1 
treated silages. Additionally, the NIRS results suggest that the differentiation in uNDF 
%NDFom at 30, 120 and 240 h by homofermentative and heterofermentative LAB was 
linked to the ensiling time since this differentiation was more prevalent at 120 d of 
ensiling. Recent research by Zhou et al. (2016) indicated that heterofermentative LAB 
are capable to extend the fermentation activity in silage starting at longer storage 
periods when compared to homofermentative LAB. Therefore, it could be plausible that 
heterofermentative LAB activity during the fermentation process takes place at a later 
period which will ultimately use more cellulose and hemicellulose as substrate for their 
metabolic functions. This hypothesis and the observed difference in the uNDF 
%NDFom content is also supported by the greater concentrations of NDF, ADF and 
ADL observed in heterofermentative LAB-treated silages at 120 d of ensiling (Table 
3.2). These observations and hypothesis could be further validated using the 3-pool 
model developed by Raffrenato and Van Amburgh (2010), where the differences in 
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these pools indicate a higher digestibility for silages treated with homofermentative 
LAB when compared to the heterofermenative LAB treated silages.  
3.5 Conclusion 
 
Silage inoculants are a useful management tool to improve the fermentation 
characteristics and nutritive value of silages. Homofermentative and heterofermentative 
LAB use different approaches to control the silage fermentation but their principal goal 
when using either of them is to preserve as much of the nutritive value of the crop as 
possible. Under this study conditions, homofermentative microbial inoculants such as 
HOM1 and HOM2 improve fiber digestibility predicted by NIRS, whereas 
heterofermentative bacteria and COMBO did not promote greater increases on 
digestibility possibly due the longer time remaining active in the silo. However, the 
improvements in fiber digestibility need to be studied in more depth and more research 
is needed to confirm our findings in uNDF %NDFom 30,120 and 240 h of incubation 
by using the adapted Tilley and Terry methodology or even with in vivo animal 
experiments. It is important to note that the fact NIRS analysis of samples in our study 
predicted that heterofermentative LAB reduced the potential digestibility of silages 
does not mean that silage inoculants with these properties are detrimental for forages. 
These inoculants are known to improve the aerobic stability of silages, ultimately 
reducing DM losses that could be an economic benefit for farms. Therefore, factors 
such as silage management, forage type and forage nutritive value are factors to 
consider when selecting either a homofermentative and a heterofermentative microbial 
inoculant for silage. 
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3.7 Tables and figures 
 
 
Table 3.1 Chemical composition of fresh alfalfa harvested at late bud maturity stage. 
Forage quality measurements1 Mean and standard deviation 
DM (%) 40.00  0.84 
ADF 31.85  1.96 
ADL 7.06  0.50 
aNDFom 40.37  2.89 
Cellulose 24.79  1.57 
Hemicellulose 8.53  2.11 
Crude protein 20.79  0.80 
Soluble protein 8.85  0.39 
ESC 5.14  0.69 
WSC 8.58  0.73 
Lactic acid bacteria (log CFU g-1 FM) 6.75  0.42 






Table 3.2 Chemical composition and dry matter recovery of alfalfa silages harvested in the late bud stage treated with homofermentative 
(Pediococcus sp. HOM2 and Lactobacillus sp. HOM1) and heterofermentative (Lactobacillus sp. HET1 and Combo) microbial inoculants after two 
ensiling lengths (40 and 120 days of ensiling). 
Days of 
ensiling 























Control 37.93  ab a 92.60  bc 34.86  a   41.08   7.45   27.41   6.21   3.83  ab   20.47   
Pediococcus sp. HOM2 37.95  ab 95.30  a 32.92  b 40.24  6.97  25.95  7.32   3.88  ab 20.61   
Lactobacillus sp. HOM1 38.25  a 94.58  ab 32.88  b 40.50  6.92  25.96 7.62   4.07  a  21.00   
Lactobacillus sp. HET1 36.60  b 91.00  c  34.09  ab 41.03   7.15  26.91  6.96   3.73  ab 20.13   
Combo 36.95  ab 90.56  c 34.07  ab 40.95  7.18   26.89  6.87   3.07  b 20.70   
          
SEM 0.360 0.582 0.459 0.484 0.139 0.408 0.561 0.208 0.227 
P-value 0.012 <0.001 0.023 0.680 0.090 0.068 0.485 0.025 0.134 
120 days 
Control 38.64   93.93   31.62  c 38.35  b 7.00  b 24.63  b 6.72   2.71  ab 20.85   
Pediococcus sp. HOM2 38.10   94.13   32.05  bc 38.51  b 7.08  ab 24.97  ab 6.46   2.98  ab 20.80   
 Lactobacillus sp. 
HOM1 39.33   95.90  31.80  c 38.81  b 7.05  b 24.76  b 7.01   3.30  a  20.73   
Lactobacillus sp. HET1 37.76   91.16  34.00  ab 40.74  ab   7.51  ab   26.50  a 6.74   2.27  b 20.75   
 Combo 37.78 92.16 34.30  a 41.93  a 7.81  a 26.49  a 7.62 2.66  ab 20.56 
          
SEM 0.864 1.347 0.528 0.712 0.182 0.409 0.502 0.237 0.185 
P-value 0.670 0.147 0.001 0.001 0.012 0.003 0.543 0.042 0.853 
aTreatments with different letters within column within days of ensiling are significantly different according to a Tukey HSD multiple comparison test at an 
alpha of 0.05 







Table 3.3 Fermentation characteristics and LAB counts of alfalfa silages harvested in the late bud stage treated with homofermentative  
(Pediococcus sp. HOM2 and Lactobacillus sp. HOM1) and heterofermentative (Lactobacillus sp. HET1 and Combo) microbial inoculants  
after two ensiling lengths (40 and 120 days of ensiling. 











(CFU g-1 FM) 
40 
Control 67.33  b a 38.37  a 105.70  a  25.27  b 4.64  b 7.23  b 
Pediococcus sp. HOM2  78.50  a 23.27  b 101.77  a  18.00  c 4.51  c 7.45  b 
Lactobacillus sp. HOM1 43.83  d   18.28  b    62.12  b   15.61  c 4.44  c   6.85  b 
Lactobacillus sp. HET1 57.60  c 48.43  a 101.43  a   28.77  a  4.86  a 8.73  a 
Combo 56.50  c 48.07  a 104.57  a   29.73  a 4.83  a 8.49  a 
       
SEM 1.167 2.942 2.064 0.683 0.024 0.190 
P-value <.001 <.001 <.001 <.001 <.001 <.001 
120 
Control 59.33  ab 47.26  bc 106.60  ab 28.72  b 4.62  b 7.67  b 
Pediococcus sp. HOM2 71.00  a 28.98  cd   99.98  b 21.90  c 4.46  c   8.43  a 
Lactobacillus sp. HOM1 39.17  c 21.10  d   61.01  c  18.76  c 4.47  c 6.89  c  
Lactobacillus sp. HET1 38.17  c 76.35  a 114.51  a   34.33  a 4.84  a 7.82  b 
Combo 47.67  bc 65.36  ab 113.03  a 31.20  ab 4.72  ab 8.37  a 
       
SEM 4.662 4.426 3.105 1.099 0.032 0.113 
P-value <.001 <.001 <.001 <.001 <.001 <.001 
aTreatments with different letters within column within days of ensiling are significantly different according to a Tukey HSD multiple comparison  
 test at an alpha of 0.05 










Table 3.4 In vitro digestibility of uNDF as a % of NDFom of alfalfa silages harvested in the late bud stage treated with 
homofermentative (Pediococcus sp. HOM2 and Lactobacillus sp. HOM1) and heterofermentative (Combo) microbial 
inoculants after two ensiling lengths (40 and 120 days). 
Days of 
ensiling 
                             uNDF %NDFom 
Treatment 
NDFom 6 hours 12 hours 24 hours 
40 
Control 43.59 78.90 63.84 56.77 
Pediococcus sp. HOM2 41.81 85.40 65.58 55.40 
Lactobacillus sp. HOM1 42.64 82.40 64.38 57.95 
Combo 43.13 80.83 67.59 59.07 
     
SEM 0.718 21.99 4.159 16.58 
P-value 0.394 0.460 0.194 0.720 
120 
Control 41.41 81.58 65.45 53.26 
Pediococcus sp. HOM2 42.44 81.37 66.09 53.41 
Lactobacillus sp. HOM1 40.44 78.46 59.81 51.53 
Combo 45.40 81.78 66.66 55.43 
     
SEM 12.03 7.22 15.34 15.86 
P-value 0.056 0.434 0.198 0.703 
Treatments with different letters within column within days of ensiling are significantly different according to a Tukey HSD 



































Table 3.5 NIRS digestibility estimated as uNDF as a % of NDFom at 30, 120, and 240 hours of alfalfa silages harvested in the late 
bud stage treated with homofermentative (Pediococcus sp. HOM2 and Lactobacillus sp. HOM1) and heterofermentative 











Control   37.15  ab     48.80  ab a 0.43 35.08  b 1.41 31.68  b 1.53 
Pediococcus sp. HOM2 36.05  b 48.08  b 0.23 34.53  b 0.49 30.93  b 0.51 
Lactobacillus sp. HOM1 36.06  b 47.70  b 0.47 33.36  b 0.81 29.75  b 0.84 
Lactobacillus sp. HET1 37.98  a 50.25  a 0.28 42.71  a 0.33 39.75  a 0.31 
Combo   36.90  ab   49.00  ab 0.72 37.41  b 2.00 34.05  b 2.11 
        
SEM 0.283       
P-value <.001 0.001  <.001*  <.001*  
120 
Control 35.68  b 48.05  b 0.26 34.91  b 0.55 31.43  b 0.58 
Pediococcus sp. HOM2 36.55  b 48.16  b 0.38 35.20  b 0.39 32.50  b 0.36 
Lactobacillus sp. HOM1 35.80  b 48.01  b 0.31 35.96  b 0.46 31.75  b 0.46 
Lactobacillus sp. HET1 38.41  a 51.50  a 0.78 41.63  a 2.25 38.53  a 2.37 
Combo 38.55  a 51.10  a 0.72 41.30  a 2.00 38.61  a 2.11 
        
SEM 0.433       
P-value <.001 <.001  0.029*  0.028*  
aTreatments with different letters within column within days of ensiling are significantly different according to a Tukey HSD multiple 
comparison test or Welch’s test* if unequal variances at an alpha of 0.05 





















Table 3.6 Predictions of the 3-pool model for digestion kinetics proposed by Raffrenato and Van Amburgh (2010) for alfalfa silages 
harvested in the late bud stage treated with homofermentative (Pediococcus sp. HOM2 and Lactobacillus sp. HOM1) and 















Control   49.8 1 18.5 31.7 9.6 1.5 0.0 
Pediococcus sp. HOM2 50.3 18.8 30.9 9.7 1.5 0.0 
Lactobacillus sp. HOM1 50.5 19.8 29.8 9.1 1.5 0.0 
Lactobacillus sp. HET1 47.0 13.2 39.8 12.3 1.3 0.0 
Combo 49.0 16.9 34.0 10.7 1.5 0.0 
120 
Control 50.4 18.2 31.4 9.6 1.5 0.0 
Pediococcus sp. HOM2 48.1 19.4 32.5 8.6 1.7 0.0 
Lactobacillus sp. HOM1 48.1 20.1 31.7 10.2 1.4 0.0 
Lactobacillus sp. HET1 45.4 16.1 38.5 10.4 1.4 0.0 
Combo 45.7 16.1 38.2 10.9 1.4 0.0 
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Figure 3.1 NIRS digestibility estimated as uNDF as a % of NDFom at 30, 120, and 240 hours of 
alfalfa silages treated with homofermentative and heterofermentative microbial inoculants after 40 
days of ensiling. 
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Figure 3.2 NIRS digestibility estimated as uNDF as a % of NDFom at 30, 120, and 240 hours of 
alfalfa silages treated with homofermentative and heterofermentative microbial inoculants after 
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4. CHAPTER 4: GENERAL DISCUSSION AND CONCLUSION 
 
Fibrolytic enzymes have been described as dual-purpose silage additives (Muck 
et al., 1998). Firstly, fibrolytic enzymes can increase the supply of water soluble 
carbohydrates (WSC) for lactic acid bacteria during the ensiling process, thereby 
increasing VFA production and improving the fermentation characteristics of the 
silage. Secondly, fibrolytic enzymes are used as silage additives to improve fiber 
digestibility of forages during ensiling since these enzymes can partially degrade the 
cell wall components of plants such as cellulose and hemicellulose. However, 
published research outlining the use of fibrolytic enzymes sprayed onto forages to 
improve silage fermentation are highly variable (Lynch et al., 2015). The heterogeneity 
in results are mostly attributed to different factors such as plant maturity, enzyme type, 
enzyme dosage and even forage type. For example, when enzymes have been tested in 
research trials with forages such as alfalfa, less than half of the trials have observed 
reductions in NDF or ADF or reported improvements in fiber digestibility (Muck and 
Kung, 1997). The objective of this experiment was to test the effects of different 
mixtures of fibrolytic enzymes on alfalfa silage harvested at two different maturity 
levels and ensiled for two storage times (Chapter 2). One important factor to mention is 
that during the first experiment due to weather conditions, the first cut corresponds to 
the late maturity alfalfa whereas the third cut corresponds to an early maturity alfalfa. 
Normally, under the best weather conditions, the first cut would have been the early 
maturity alfalfa. However, by the time the weather conditions were optimal for the first 
cut, the alfalfa:grass proportions of the field were lower (86% alfalfa to 14% grass). 
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This is the main reason why this study considered the first cut as the late maturity. 
During the third cut, alfalfa:grass proportions were higher (94% alfalfa to 6% grass), 
thereby we classified this cut as early maturity. Despite of this, alfalfa rate of growth 
and lignification during spring and fall are slower when compared to the summer 
(Ottman and Mostafa, 2014), therefore lignin did not play an important role in 
explaining the results of this experiment, in fact lignin content for both cuttings was 
similar. However, for future research, comparing the effect of fibrolytic enzymes in 
highly lignified alfalfa versus alfalfa with low lignin content could be interesting and a 
research experiment with these characteristics could provide more interesting 
information to better understand the effects of fibrolytic enzymes.  
When alfalfa was harvested at early maturity and stored for 40 days of ensiling, 
most of the silos were well preserved, dry matter recovery (DMR) was high 
(approximately 90%), and most of the measured nutritive variables remained equal at 
this ensiling time, indicating that silages were well preserved and not necessarily 
enhanced by the different enzymatic treatments. However, after 120 days of ensiling, 
we observed that DMR was lower (83%) for most of the silages. Lower DMR is 
possibly related to some undesirable microorganisms such as yeast, molds, or 
enterobacteria present in those silages. According to Jones et al. (2004), alfalfa silage 
harvested between 30 to 40% DM will have a pH between 4.7 and 5.0. These pH levels, 
as observed in our silages stored for 120 days, should be sufficient to stop the 
proliferation of undesirable microorganisms (Muck et al., 1998). However, the high 
acetic acid concentrations in the silages stored at 120 days exceed the guidelines 
proposed by Kung (2010). Furthermore, these silages had a high concentration of 
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ammonia-N, which might indicate proteolysis during the fermentation at this storage 
time, possibly by the activity of undesirable microorganisms such as yeast, molds, or 
enterobacteria. While no microbial enumeration of any undesirable microorganisms 
was performed in the presented research, a different experiment, performed the same 
day as this study used the same forage to evaluate the different types of microorganisms 
present in alfalfa at different times of ensiling by amplicon sequencing methodologies 
(Drouin, personal communication). Results from the control treatment of that 
experiment are shown in Figure 4.1 (see appendix) as supplementary material. 
Although the ensiling technique was different, these results confirm our hypothesis that 
undesirable microorganisms were present throughout the fermentation. Possibly, factors 
such as pH level and substrate availability were not optimal, and the proliferation of 
undesirable microorganisms such as enterobacteria increased with time of ensiling, 
causing the detrimental effects observed by the current trial at 120 days of ensiling in 
alfalfa harvested at early maturity.  
Another factor seemingly playing an important role was plant maturity. The 
buffering capacity of alfalfa is higher when alfalfa is harvested at early maturity stages 
(Muck, 2011), and it was evident that the silages made from early maturity alfalfa were 
more difficult to ensile. Overall, the application of fibrolytic enzymes to early maturity 
alfalfa did not cause significant improvements on the nutritive value of this forage. 
Neither fiber degradability during ensiling, digestibility, nor fermentation 
characteristics were improved. On the contrary, some detrimental effects were observed 
in the fermentation characteristics at the longer length of ensiling. On the other hand, 
when alfalfa was harvested at late maturity, improvements on fiber degradation, 
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fermentation characteristics and fiber digestibility were observed at 40 days of ensiling. 
Interestingly, the CON silages performed similarly the CELL+XYL treated silages in 
most of the studied variables, suggesting that epiphytic bacteria in the CON silages 
were able to improve the nutritive value of these silages at 40 days of ensiling without 
the need of exogenous fibrolytic enzymes. When digestibility was predicted by NIRS, 
the CON silages from alfalfa harvested at late maturity were the most digestible silages. 
At 120 days of ensiling, fiber digestibility results predicted by NIRS again showed that 
the CON silages were the most digestible silages. However, other benefits such as VFA 
production, were identified in enzyme-treated silages, particularly in the CELL + XYL 
and XYL treatments, at this longer ensiling time. Overall, we concluded that the effect 
of fibrolytic enzymes offer better results when the fiber concentrations are higher as 
when alfalfa was harvested at late maturity. Therefore, fibrolytic enzymes can serve as 
a management resource on farms aiming to improve the nutritive value of low quality 
forages. However, commercially available silage additives, such as microbial 
inoculants, typically contain mixtures of homofermentative and heterofermentative 
LAB mixed with fibrolytic enzymes. These combinations of bacteria and fibrolytic 
enzymes might be the best approach on farms. It has been reported in the literature 
(Chilson et al. 2016) that the combination of fibrolytic enzymes with LAB results in a 
synergistic effect. Improvements in silage nutritive value also appear to be more 
consistent among research studies using mixtures of enzymes and bacteria. The 
microbial inoculants dominate the fermentation, producing higher lactic acid 
concentrations when homofermentative LAB are utilized or higher acetic acid when 
heterofermentative LAB are used, and their effects are more noticeable due to the 
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increased substrate (WSC) availability provided by fibrolytic enzymes. Some of the 
findings from this thesis raise some questions that might need further investigation to 
better qualify the fibrolytic enzyme and microbe interactions.  
• Firstly, does fibrolytic enzyme activity stimulate the silage microflora to 
produce more acetic acid?  
• Secondly, does high acetic acid production improve aerobic stability for 
those silages treated with fibrolytic enzymes?  
• Thirdly, does the high production of acetic acid impact intake by cattle 
fed these silages?  
Answering these questions will help in a better understanding on the impact of fibrolytic 
enzyme and bacterial inoculant mixtures in silage fermentation.  
To investigate microbe impact on silages independently of enzyme additions, 
this thesis project included an experiment to investigate the impact of 
homofermentative and heterofermentative LAB inoculants and their effects on silage 
fermentation characteristics, fiber degradability during ensiling and fiber digestibility 
(Chapter 3). Although the current knowledge of lactic acid bacteria used as silage 
inoculants generally indicate that they lack the mechanisms to partially degrade fiber 
(Kung, 2001), research studies (Filya et al., 2007, Liu et al., 2016) have shown 
promising results indicating that homofermentative and heterofermentative LAB might 
be capable to induce a partial degradation of structural carbohydrates such as cellulose 
and hemicellulose. Therefore, this experiment aimed to test the effect of 
homofermentative and heterofermentative LAB on alfalfa harvested at late maturity and 
stored for 40 and 120 days of ensiling. As expected, throughout this study 
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homofermentative LAB and heterofermentative LAB produced the VFA according to 
their specific metabolism, where the homofermentative LAB produced higher 
concentrations of lactic acid and the heterofermentative LAB induces a conversion of 
lactic acid to acetic acid. Additionally, for both storage periods, all inoculation 
treatments and the control promoted a partial degradation of NDF and ADF. However, 
inoculation with homofermentative LAB, such as the HOM1 treated silages, showed a 
more constant degradation of NDF and ADF than the other treatments utilized in this 
study. Additionally, although this study did not find significant differences in fiber 
digestibility (uNDF) under in vitro conditions at early incubation time points, the 
differences observed between treatments following the results of uNDF (30, 120 and 
240 h) predicted by NIRS turned out to be one of the main findings in this thesis 
project. Therefore, an assessment of the metabolic impacts of different genera of LAB, 
based on phylogenetic groups (homofermentative versus heterofermentative), uNDF in 
vitro with incubation time points of 6, 12, 30, 120 and 240 hours is proposed for future 
research. Digestibility assessed as uNDF at in vitro incubation time points such as 30, 
120 and 24 hours is a recently developed concept that is being used to understand 
digestion kinetics in cattle (Cotanch et al., 2013). Our findings in uNDF at these later 
time points predicted by NIRS suggest that LAB inoculants can exert an effect on the 
digestion kinetics of those inoculated forages. For example, when alfalfa was stored at 
40 days of ensiling, both the homofermentative and heterofermentative LAB and the 
control silages had similar digestibility (uNDF) at 30 hours as predicted by NIRS. 
However, with uNDF at 120 and 240 hours the homofermentative LAB and the control 
silages were the most digestible silages, whereas heterofermentative LAB such as 
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HET1 were the least digestible silages at 120 and 240 hours. Interestingly, at 120 days 
of ensiling, this study observed a stronger differentiation in uNDF at 120 and 240 hours 
for those silages inoculated with homofermentative LAB and heterofermentative LAB, 
where the homofermentative LAB and CON silages were the most digestible treated 
silages with almost a 6% units of difference in uNDF at 120 and 240 hours.  
These results were computed into a 3-pool model digestion kinetics predictor 
(Raffrenato and Van Amburgh, 2010) to determine if the data from the uNDF was 
capable to modify the fast, slow and undigestible pool proposed by these authors. As 
we expected, the differences in uNDF 120 and 240 were capable to influence the fast, 
slow and undigestible pool. However, these data estimating uNDF at 30, 120 and 240 
hours will be analyzed in the upcoming software CNCPS, version 7.0 which will be 
able to account for those differences and predict the effects on cattle performance such 
as milk production. These findings raised the question as to whether these changes in 
uNDF due to the type of inoculation (homofermentative or heterofermentative LAB) 
are forage-specific and are only observed in alfalfa silages. To partially answer this 
question, we can look to other experiments in progress. Although not part of this thesis 
project, a similar experiment was performed in the fall of 2016 using whole plant corn. 
We inoculated corn silage with the same two homofermentative strains (HOM1 and 
HOM2), the two heterofermentative strains (HET1 and HET1+HET2) and all fibrolytic 
enzyme treatments. These results showed similar effect in uNDF at 120 at 240 h when 
experimental corn silages were stored at 120 days of ensiling. A difference ranging 
between 4 to 6% units of uNDF at 120 and 240 hours (unpublished results) was 
observed. These results using corn have helped to confirm our hypothesis that uNDF 
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predicted by NIRS was impacted by either the different metabolism of the specific 
microbial inoculant or other inoculation-induced microorganisms, where 
homofermentative bacteria such as HOM1 and HOM2 directly or indirectly contributes 
on an increased in the digestibility of alfalfa and corn, whereas heterofermentative 
bacteria has no impact on the digestibility in both types of forages. 
In general, our main conclusions after this thesis project is that LAB inoculants 
can exert physicochemical changes in the cell wall components such as cellulose and 
hemicellulose. Tthese effects are related to the time and activity of types of microbial 
inoculants. As reported by Zhou et al. (2016), in an analysis of fermentation dynamics 
by epiphytic LAB population, the heterofermentative bacteria can take over the 
fermentation at a longer storage period. Based on these observations we hypothesize 
that these bacteria are possibly capable to degrade the most digestible fractions of the 
cell wall components and used them as a substrate for fermentation in longer storage 
periods of ensiling. Difference in the microbial succession during the fermentation 
might also be causing the observed difference in uNDF at 120 d of ensiling. 
Homofermentative and heterofermentative LAB inoculation do have specific 
microflora associated to their respective fermentation profile. Additionally, we 
hypothesized that because these LAB inoculants exert an effect on the cell wall 
components, when the samples are ground for analyses, the particles obtained after 
passing through the 1 mm screen of the Willey mill change in size due to the previous 
physicochemical changes in the cell wall induced during silage fermentation. This 
hypothesis is based on the uNDF results predicted by NIRS since this instrument uses 
infrared technology to estimate the amount and kind of organic compounds present in 
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the ground sample and compare the analyzed sample with its closest match on a large 
database (Undersander, 2006). Therefore, NIRS can identify those differences in the 
overall structure of the forage particles. At the same time, we hypothesized that these 
physicochemical changes in the cell wall structure, size and shape of the ground 
samples from the treated forage will have an impact on in vitro and in vivo digestibility, 
possibly by increasing rumen microbial attachment due to increased binding sites. 
Although we did not observe significant changes in uNDF at early in vitro incubation 
time points due to some restrictions in our experimental design, we believe that the 
inoculation with different strains of LAB can influence the digestibility in vitro. If this 
hypothesis is confirmed through more vigorous testing, the changes in the cell wall 
structure might be reflected as “forage fragility” (Grant, 2010), and would impact 
chewing, rumination, forage intake and digestibility. Ultimately, more research is 
needed to corroborate the secondary hypotheses developed from the research presented 
in this thesis, and more consideration is needed to determine the cost benefit of using 
enzyme and bacterial silage additives on farms. This is particularly true when 
considering the bacterial inoculants outlined in Chapter 3, since heterofermentative 
bacteria such as HET1 can be used to improve aerobic stability of silages in the feed 
out phase, whereas homofermentative cannot improve aerobic stability but may offer 
other benefits. The changes in NIRS-predicted digestibility outlined in both Chapter 2 
and 3 also require further investigation, and need to be balanced with the benefits in 
aerobic stability. Future use of these microbial inoculants can then consider both of 
those factors as the criteria to choose the type of inoculant to be used on- farm to 
enhance the nutritive value of the different ensiled forages.  
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For a separate experience, alfalfa from the forage harvested at the third cut of the 
fibrolytic enzyme trial was ensiled in vacuum bag mini-silos to determine microbial succession 
throughout the incubation period, from fresh to 64-day. The figure below corresponds to the 
fermentation profile of the un-inoculated samples, representing the involvement of the 
epiphytic lactic acid bacteria for the fermentation. The DNA was extracted using MoBio 
PowerLyzer Soil DNA isolation kit and the V4 hypervariable region was amplified and 
sequenced on an Illumina MiSeq. Sequences were analyzed at the Canadian Research Council 
laboratory in Montréal using the Greengene database version 13_5 for taxonomy assignment. 
Three biological replicates were sequenced for each period. 
Results from the complete trial are being prepare for submission later in 2017 (personal 
communication, P. Drouin, 2017). 
 
Figure 4.1 Bacteria diversity through 16S rDNA amplicon metasequencing from 
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The following figures (4.2 and 4.3) were developed in the aim to graphically 
understand the changes in fiber composition and fermentation profile from the alfalfa 
used in the fibrolytic enzyme experiment (Chapter 2) concatenating factors such as time 
of ensiling (fresh, 40d and 120d) and treatment.  
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